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SYNOPSIS 


Butenes and butadiene are important products of the 
petroleum industry. A substantial increase in their demand is 
envisaged in the near future. Traditionally butadiene is pro- 
duced by dehydrogenation of butenes which in turn may be obta- 
ined from n-butane . Butane and butenes are formed as by product, 
of several petroleum refining processes. While butenes have 
been recovered and utilized for production of butadiene and 
several other products, butanes are generally used only as a 
fuel. This is a poor utilization of an important product stream; 
Conversion of n-butane to more useful products like butenes and 
butadiene may be of greater economic consideration. 

Oxidative dehydrogenation of butenes to butadiene has 
been commercially practiced. bnder certain conditions oxidative; 
dehydrogenation of n-butane to butenes and butadiene may be fea-; 
sible. Several catalysts have been developed for the abstractiot 
of hydrogen from butenes. However, abstraction of the first 
hydrogen from a saturated hydrocarbon like n-butane is difficult; 
and hence requires more appropriate catalysts. Abstraction of ; 
the first hydrogen atom from the n-butane molecule involves ; 

rupture of a strong d bond between the hydrogen and the carbon 
atoms under stringent conditions. The hydrocarbon molecule 

has a tendency to burn off completely rather than dehydrogenate t] 

i 

yield butenes and butadiene under these conditions. Hence, ; 



XV 


development o£ a suitable catalyst is the first important requi™ ' 
rement for the dehydrogenation of n-butane to butenes and 
butadiene. 

A review of the literature indicated that bismuth 
molybdate-=iron oxide catalyst on alumina may be a promising 
catalyst for this purpose [l,2] . Accordingly, catalysts conta-= 
ining bismuth molybdate, iron oxide were developed and their 
activity and selectivity were studied for the proposed reaction. 

P '•phase bismuth molybdate ( 31203 - SMoO^ ) and Y “Phase bismiUth 
molybdate ( 31202 - MoO^) along with iron oxide were the main 
constituents of the catalysts. 

.The catalysts were characterised in terms of chemical 
compositions, tap densities, surface areas, thermal stabilities. 
X-ray diffraction and transmission electron microscopic studies. 
'Effectiveness of these catalysts was studied for the oxidative 
dehydrogenation of n- butane to butenes and butadiene using a 
tubular packed bed reactor under the folloiving conditions • 


Temperature 


Catalyst to feed ratio 

(w/f) 


Oxygen to butane ratio 

Nitrogen to oxygen ratio 

Mol bismuth molybdate 
per 100 mol support 

Bismuth molybdate 


400-500'’C 


0 . 6 — 2 . 6 


g cataly st 
(mg mol/min) 


(0.5-2 sec contact tune) 
O. 5-2.0 mol/mol 
1.6 (held constant) 


0-20 


P - and Y- phases . 
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P^bismuth molybdate was found to be better of the 
two catalysts used. The reaction was found to be kinetically 
controlled. At an optimum temperature of 450°C and an oxygen 
to butane ratio of about 1.5, a per pass yield of 7.25 mol% 
and a selectivity of 23 mol% with respect to butadiene were 
obtained. The combined yield of (butenes + butadiene) was 
12 mol% and the combined selectivity was 37% under the 
optimum conditions. 

A kinetic model of the reactions based on Hougen^Watson 
approach (a single site redox mechanism) has been developed. 

P -“bismuth molybdate-“iron oxide catalyst appears to be 
a promising catalyst for this industrially important reaction. 
Recoraniendations for future work have been proposed. 
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INTRODUCTION 
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Of recent/ there has been a growing concern throughout 
the world to utilize the scarce petroleum products judicially. 
Natural gas and associated gas have so far been used mainly as 
a fuel. They can serve as potential feed stocks in the production 
of useful petrochemicals like ethylene/ propylene/ butenes / buta- 
diene/ maleic anhydride etc. The Oil and Natural Gas Commission 
recently reported [ 3 ] that about four million tonnes of oil 
equivalent gas will be available in India during 1983-84. This 
gas comprises mainly of methane/ ethane/ propane and butane. In 

^ . kCuO 

the national interest^ the Government feave decided that methane- 
rich gas can be utilized for urea plants. It may also be used to 
produce methanol/ acetylene etc. The stream containing ethane/ 
propane and butane may be used for the production of olefins / 
diolefins / maleic anhydride and a host of other petrochemicals. 

’Among the diolefins ^butadiene is an important product. 

As per recent report [ 4 ] the world butadiene market is likely to 
remain tight until about 1990. Butadiene is produced mainly 
from butenes. It is also obtained as a by-product from hydrocarbon 
cracking processes. In India, butadiene is produced as a co- 
product of ethylene from the naphtha cracker at NOCIL, Bombay. 

It is also produced from a non-petroleum source such as ethanol 
at the Synthetics Rubber Plant at Bareilly. Butane stream which 
is normally used as fuel is a potential raw material for butadiene 
production. The domestic liquid petroleum gas contains large 
amount of n-butane which may be better utilized for it's conversion 
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to butadiene. 

The present study is aimed at the utilization o£ n- butane 
for the production of butadiene, n- Butane may be converted to 
butadiene through dehydrogenation processes. The conventional 
dehydrogenation process is endothermic. On the other hand the 
oxidative dehydrogenation process is exothermic. Higher yields/ 
simplified product separation techniques and lower operating cost 
are promised by the oxidative dehydrogenation of butenes to 
butadiene [s]. Hence/ oxidative dehydrogenation process appears 
to be very attractive for conversion of n- butane to butadiene. 

Normally/ n-butane is first dehydrogenated to butenes and 
then to butadiene using cliromia-alumina catalysts [6/7/8/9] at 
temperatures of 500-550 °C. However/ these catalyst tend to loose 
their activity rapidly due to severe coking problems. With the 
introduction of a halogen or a halogen-based compounds/ particularly; 
iodine and its compounds/ the above difficulty could be alleviated 
and butane could be dehydrogenated to 1/3 butadiene in a single i 

step with good yield and selectivity [ 8/10/11/12] . However due i 

to severe corrosion problems and prohibitive cost of iodine/ this 
apparently promising process could not be used commercially. 

Butane mixed with air can be dehydrogenated to butenes 
and butadiene over various type of solid catalysts [10/11/13]. 

This technique appears to be very attractive since the oxygen 
present in the reaction media prevents the formation of coke on 
the catalysts. In this way the dehydrogenation of butane to 
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butadiene may be realised in a single step. This is called an 
oxidative dehydrogenation process. 

Literature on oxidative dehydrogenation of butenes to 
1,3 butadiene indicates that bismuth molybdate catalysts are better 
suited for this process as compared to other catalysts (see Section 
2.2). The addition of an iron oxide to bismuth molybdate catalyst 
has been reported to enhance its activity and selectivity appre“ 
ciably [ 1 ]. The conversion of n”butane to butadiene in a single 
step was first attempted by Caspar and Pasternak [14]. Shenoy [15 j 
used the bismuth molybdate-aluminium phosphate catalyst for this 
process. As observed foir^butenes to butadiene it appears that 
the activity of bismuth molybdate catalyst may be improved with 
the addition of iron oxide for the single step conversion of n- 
butane to butadiene also. 

It follows from the above discussion that bismuth molybdate- 
iron oxide-alumina may be a suitable catalyst for direct conversion 
of n- butane to butadiene. Accordingly, the present work was under- 
taken to develop suitable catalysts for this industrially important 
reaction. The catalysts were characterised and their effectiveness 
for the oxidative dehydrogenation of n-butane to 1,3 butadiene 
has been studied using a packed bed tubular reactor. The effect 
of process variables like space velocity, catalyst concentration, 
temperature and oxygen to butane ratio on the conversion of 
n-butane and on the yield and selectivity of butadiene as well 
as of combined (butenes + butadiene) has been examined. A kinetic 



model based on Hougen-Watson approach has been also developed 
for the oxidative dehydrogenation of n-butane to 1^3 butadiene 



CHAPTER 2 


LITERATURE SURVEY AND SELECTION 


OF A CATALYST 
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The dehydrogenation of butane to butenes and butadiene is 
an industrially important reaction. Several processes based on 
different raw materials to produce olefins and diolefins have 
been described in literature. In the following sections the 
literature on the production of butenes and butadiene are revie- 
wed briefly, 

2-1 Thermodynamic Aspects 

The main reaction sequence for the conventional dehydro- 
genation of butane may be represented by the following scheme : 

5 ,. C^Hg + ; Ah = +28.5 k cal/mol (2.1) 

Butane Butene 

C^Hq ^ ; Ah = +28 k cal/mol ( 2 . 2 ) 

Butene Butadiene 

The reactions (2.1) and (2.2) are highly endothermic. Begly [ le 
studied the equilibrium conditions for the dehydrogenation of 
butane and found that the maximum equilibrium yield of butenes 
occurs at a pressure of 0.1 atm. and a temperature of 540 °C. The | 
maximum equilibrium yield of butadiene from butenes is about 90% 
and occurs at 125 mm Hg pressure at 790°C. 

At high temperatures, considerable thermal and catalytic 
cracking occurs. Consequently, the temperature to be used in a 
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commercial plant has to be substantially below 600 °C. At lower 
temperatures, the per pass yields are poor. Further, under practical 
conditions of low pressure operation, the yields are considerably 
lower than the equilibrium yields. Hence suitable catalysts have 
to be developed which may permit the use of lower temperatures. 
Steam may be used as a diluent to realise the benefits of low 
pressure conditions. 

2.2 Dehydrogenation Processes 

The commercial processes for the production of butenes and 
butadiene may be classified as : 

1. Thermal dehydrogenation process 

2. Catalytic dehydrogenation process 

The thermal cracking of naphtha for the production of 
ethylene and propylene results in the formation of butenes and 
butadiene as co-products in appreciable amounts [ 8]. However, 
this process has the disadvantage due to undesirable side reactions 
Russel, et al. [17 ] obtained only 40% of the theoretical yield of 
butadiene from butenes at 600°C and 100 mm Hg pressure. Therefore, 
thermal dehydrogenation process is commercially unattractive. 

The catalytic dehydrogenation processes may be classified 
as under ; 

(i) Houdry process 

(ii) Steam dilution process 

(iii) Oxidative dehydrogenation process 
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Houdry process was the first commercial process used for 
the conversion of mixed streams of n“butane and butenes to buta-' 
diene [ s]. It employed a catalyst consisting of 15'=20% chromia 
on activated alumina, a conversion of about 63% butane to buta- 
diene was reported [ 18 ]. 

The steam dilution process is generally used for the dehydro- 
genation of butenes to butadiene. In this process steam is used 
as a diluent which has the effect of lower pressure. The presence 
of steam also acts as a source of heat supply, controls the side 
reactions and prevents the coke deposition on the catalyst. Consi- 
derable efforts have been made for the development of suitable 
catalysts for this process [8]. 

The dehydrogenation of n- butane or butenes to butadiene 
yields hydrogen as one of the reaction products. Build up of 
hydrogen concentration in the product stream imposes a thermody- 
namic limitation on the equilibrium conversion. If, however, this 
hydrogen is utilized, say by some simultaneous oxidation process, 
the equilibrium can be shifted to the favourable direction. In 
addition, this oxidation reaction will generate sufficient heat 
to counterbalance the endothermic dehydrogenation reaction. This 
oxidative dehydrogenation process is of great practical signifi- 
cance. Calvin et al. [l9] have found the oxidative dehydrogenation 
process to be far better than the conventional dehydrogenation 
process. 

The oxidative dehydrogenation may be achieved in the 
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following two ways : 

(a) Halogenative dehydrogenation process, 

(b) Oxidative dehydrogenation process. 

In the halogenative dehydrogenation process use is made 
of a halogen which combines with the hydrogen. Experimentally 
the gaseous mixture, containing hydrocarbon, air and halogen may 
be passed over a catalyst. The halogen may be regenerated from 
the resultant hydrogen halide by its reaction with oxygen in a 
separate stage [2o]. The following main reactions with iodine 
illustrate the general process scheme 


S^IO 


CM 

H 



C 4 H 8 

+ 2HI 

(2. 3) 

O 

00 

+ 

"2 

1,5- 

z± 


+ 2HI 

(2, 4) 

4HI 

+ 

09 



2 I„ 

+ 2 H^O 

(2. 5) 


The halogenative oxidation process, although attractive theoretically, 
could not gain commercial success due to high corrosive conditions 
and prohibitive cost of iodine. 

The oxidative dehydrogenation process uses a mixture of 
hydrocarbon and oxygen (usually air) to which steam may be added. 

The mixed stream is passed over a suitable catalyst. The catalysts 
recommended for the oxidative dehydrogenation of n-butenes are 
generally mixtures of oxides or phosphates of metals from Groups 
V (Bi, Sb, AS, P, V) and VI (Cr, Mo, w) of the periodic table 
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[ 5, 11, 21=30 ]. The catalysts consisting of pure metal oxides alone 
are not found to be very selective and give poor conversions. 
However, a combination of oxides of metals from neighboring 
groups are found to enhance the conversion as well as the selec= 
tivity to a greater extent. The combinations based on Bi“Mo and 
3b-Sn are probably the most prominent catalysts. The oxidation 
of butenes over a bismuth molybdate catalyst has been studied by 
different workers [ 11,21,27,31=38]. Adams et al. [31,32] and 
Bleijenberg et al. [33] have reported selectivities of 90=95% 
at conversions ranging from 20-80% for the conversion of n“-butene 
to butadiene at 460®C. Skarchenko [ 11] observed that the yields 
of the diolefins during the oxidative dehydrogenation of the 
individual butylene isomers increase in the order : 2-trans- 
butene, 2-cis-butene, 1-butene. Similar observations have been 
reported by Adams et al. [32] and Keizer et al. [34]. 

Many catalysts containing antimony oxide are found effective 
for the dehydrogenation of butenes to butadiene. Bakshi et al. [39] 
found that the catalysts containing oxides of antimony and iron 
were very selective for this reaction. Boreskov and co-workers 
[40-42] also studied the antimony oxide systems containing iron 
and found that this catalyst gave a good selectivity for butadiene. 
However, catalysts with antimony and tin were found to be less 
effective than those based on bismuth molybdates. The addition 
of iron oxide to bismuth molybdate catalyst was found to enhance 
its catalytic activity significantly [ 1,30,43]. 
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Recently a considerable Eat^ted literature has appeared 
on the direct oxidative dehydrogenation of n-“butane to butadiene. 

The development of a suitable catalyst appears to be the main 
objective of these studies f 14, 15, 29,44'»60 ]. Table 2.1 summarises 
the broad observations made by different workers on the oxidative 
dehydrogenation of n- Butane. Some Patented literature on the 
oxidative dehydrogenation of n-butane describe the reactor type. 

Ite Donald et al. [61 ] used a fluidised bed reactor while Lester 
[ 62] designed a reactor in which air and butane streams were 
separated by ■ a porous concentric tube containing an oxygen transfer 
agent. The hydrogen generated during the dehydrogenation of butane 
diffuses across the porous wall into the air stream, thus reducing 
the hydrogen partial pressure and increasing the yield of butenes 
and butadiene. Kovaleva and Tulupov [ 63] have studied the oxidative 
dehydrogenation of n-butane at low temperatures ( 170-200 using 
a complex catalyst, 

2.3 Choice of a Catalyst 

The dehydrogenation of butane involves the abstraction of 
the hydrogen atoms from the parent molecule. The paraffinic 
hydrocarbons act upon the metal oxide catalysts more or less as 
electron donating agents; this tendency being very weak in butane, 
its dehydrogenation activity will be governed by the activity of 
the surface sites. Therefore, an efficient catalyst will be the 
one which has either active Lewis acid sites that can abstract 



TABLE 2.1 OXIDATIVE DEHYDROGENATION OF n° BUTANE 
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hydrogen atoms from butane as hydride ions, or has suitable 

Bronsted basic sites which can abstract protons from a butane 

molecule or both. Acidic sites consisting of metal cations are 

then necessary for absorbing the remainder of the butane molecule. 

Thus the dehydrogenation of butane can proceed by the step wise 

abstraction of hydrogen over these active sites. 

Caspar and Pasternak [14] used molybdenum oxide on aluminium 

phosphate for the dehydrogenation of butane in the presence of 

oxygen. Mo^"^ ions provide good active centres for the adsorption 

2 “ 

of olefins. However, the oxygen, O ions associated with the 

molybdenum tetrahedra are not mobile, and hence are not efficient 

in oxidising the hydrogen abstracted from the butane molecule. 

2 — 3 + 

Lattice oxide, 0 associated with Bi has been proyen to be 
very mobile, and can oxidise the abstracted hydrogen easily. 

Shenoy [ IS] used bismuth molybdate-aluminium phosphate 
catalyst for the one’“Step oxidative dehydrogenation of n^ butane. 

It has been noted [ 1,30,43] that the activity and the selectivity 
of the Fe-Bi-rc) oxide catalyst in the oxidative dehydrogenation 
of butenes to butadiene were higher than those of the bismuth 
molybdate catalyst. Considering this fact, it was proposed to 
incorporate iron oxide into bismuth molybdate catalyst and use 
it in the present study. 

Among different phases of bismuth molybdate, Bi202*Mo02 
(Koechilinite or y -phase) and Bi202.2jyio02 (Erman or p -phase) were 
chosen for the present study. Shenoy [15] found that the 
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Bi202*-3Mo02 was not a good dehydrogenation catalyst. Alumina 
contains more loose oxygen than aluminium phosphate and oxygen 
is highly desirable for this process. Alumina should, therefore, 
be preferred over aluminium phosphate as a carrier. Hence, the 
bismuth molybdate (in beta and gamma phases both) containing an 
iron oxide and supported on alumina is used as a catalyst in 
the present study. 



CHAPTER 3 


MATERIALS, CATALYST PREPARATION AND EXPERIMENTAL PROCEDURE 
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3.1 MATERIALS 

Gases 

n-'butane, oxygen and nitrogen were used in this study. 

C.P. grade n-butane was obtained from m/s Matheson Gas Company^ 
East Rutherford/ N.J., U.S.a. Its purity was reported to be 
99 mol% minimum/ containing small araount of isobutane and 2=2“” 
dimethyl propane. Technical grade oxygen and nitrogen were 
obtained from M/s. Indian Oxygen Ltd./ Kanpur/ India. The gases 
had a minimum purity of 99.5 mol%. 

Compressed air was used during the heating and cooling of 
the reactor furnace . It was also used to flush the gases from 
the reactor at the end of experiments. Air was passed over a 
bed of calcium chloride and activated charcoal to remove moisture/ 
carbon dioxide and other impurities. 

Chemicals 

A variety of chemicals and reagents were used for the 
preparation of catalysts and analysis of products. A.R. grade 
bismuth nitrate of 98.97% purity was used in the catalyst prepa- 
ration. Bismuthyl nitrate was prepared in the laboratory as 
generally per procedure described by Mellor/ J. W. [.64]. 500 g 

of bismuth nitrate were placed in a 4 1 beaker to which 2.5 1 of 
distilled water were added and the contents were stirred vigorously; 
for about 5 minutes. The bismuthyl nitrate slurry, thus obtained,; 
was filtered, washed with water and the cake was dried at 80°C I 
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for 24 hours in an oven. 

High purity grade molybdic acid, obtained from h/s. 

Reachim, U.S.S.R., was used in this study. It was found to 
contain 86.94% jyioO^ by weight [is]. Ammonium“para=molybdate 
reported to contain 62.5% MoO^ by weight was used. G.R. grade 
ammonia solution containing 25 wt% ammonia was obtained from 
Sarabhai Chemicals, Baroda, India. A.R. grade, nitric acid was 
used. 

3.2 Catalyst Preparation 

The bismuth molybdate catalysts were prepared by the 
procedures suggested by Batist and co-workers f65,66]. 

Y “Bismuth molybdate ( 31203 ‘MoO^) was prepared in the labo- 
ratory by the procedure suggested by Konings et al. [66]. 114.940 
(0.4 mol) of bismuthyl nitrate were added to 34.686 g (0.2 mol) 
of molybdic acid* suspended in 2 1 of boiling water in an agitated 
reactor. A white slurr^ formed, usVucU.. turned to lemon yellow 
after about three hours stirring. The suspension was stirred 
vigorously for about 20 hours under boiling conditions. The mass 
was then cooled and filtered. The washed cake was dried at 110°c 
for about 24 hours in an oven. The filtrate was analysed for 
bismuth content by atomic spectra. Only traces of elemental 
bismuth were observed. The dry bismuth molybdate as obtained by 
the above procedure was ground to a fine powder. It was then 
calcined in a muffle furnace at 500 + 10®C for 10 hours. The 
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chemical composition of the compound was determined by the atomic 
spectra method (see Appendix I). 

P "Bismuth molybdate (Bi202.2Mo02) was prepared by the 
method suggested by Batist et al. [65]. For 0.5 mol of p -bismuth 
molybdate batch# 490.075 g (1 mol) of bismuth nitrate were dissolved 

3 

in 180 cm of nitric acid and 2 1 of water in a beaker. 174.490 g 
of ammonium-para-molybdate were dissolved in 2 1 of water and 

3 

50 cm of ammonia solution (0.91 sp. gr. ) in another beaker. The 
ammonium molybdate solution^ prepared as above^ was then added to 
the bismuth nitrate solution resulting in a white precipitate of 
P “bismuth molybdate. The pH of the slurry was raised to about 
6.5 by addition of dilute ammonia solution to complete this pre- 
cipitation. It was filtered and the washed cake was dried 

at 110®C for about 24 hours to obtain a faint yellow colored 
product. The powdered material was then calcined at 500 + 10 °C 
for about 10 hours. The composition of the compound was determined 
by the atomic spectra method (see Appendix I). 

Catalyst Support 

An alumina containing known amount of iron oxide# and 
small amounts of magnesium and chromium oxide was used as a 
support for the bismuth molybdate catalysts. This support was 
obtained from h/s. Associated Cement Company Ltd.# Bombay, India. 
This material was used as a catalyst by Katiyar and Gehlawat [ 2 ] 
for the oxidative dehydrogenation of butylenes to butadiene. 
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This catalyst support has been denoted as I(K) in this study. 

Bismuth Molybdates- I (K) Catalysts 

Catalysts containing different amounts of bismuth moly- 
bdates ( P‘*and Y-^phases) and I(K) were prepared under identical 
conditions. In a typical instance 100 g of finely powdered I(K) 
catalyst were heated at 600 + 10°C for 3 hours in a muffle 
furnace. After cooling, 35.0 g of Bi202.2jyp02 were mixed with 
this I(K) support. Acetone was added to completely submerge 
this mixture. This catalyst slurry in acetone was homogenised 
in an air tight homogeniser for about two hours. The acetone was 
then allowed to evaporate at room temperature and the mixture 
was dried in an oven at about 110 °C. The dry catalyst was pelle- 
tized in an 'APEX* hand operated hydraulic press machine. 0.6 mm 
dia.and about 1 cm long pellets were obtained by applying a 

pressure of 4 to 5 ton on 65.09 mm dia. ram. These pellets were 

broken and 3~5 mm size fraction was selected. It was activated 
at 500 -^lO^C for about 10 hours in a muffle furnace. The 
catalyst was 'cooled and stored in a desiccator for use. 

3*3 Experimental Set-up 

A schematic diagram of the experimental set-up is shown 
in figure 3.1. The set-up was essentially the same as that used 
by Shenoy [l5]. The gas flow rates were controlled by fine 
needle valves and were measured by capillary flow meters. An 

air inlet was also provided and air flow rate was measured by 
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Fig.3-1 - Experimental setup. 
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a rotameter. The flow meters were calibrated using a wet gas 
meter and a soap bubble meter. Drying tubes containing calcium 
chloride were provided in the gas flow loops to eliminate the 
moisture. 

A tubular fixed bed reactor consisted of a 304~tYpe stain“ 
less steel tube of 1.51 cm ID and 62.5 cm long. The lower part 
of the reactor was loaded with 12.8 g catalyst. It occupied a 

3 

volume of about 15 cm . The catalyst was sandwiched between two 
porcelain packings. Two 200 mesh wire screens were placed at tte 
ends of the catalyst bed to prevent the loss of small catalyst 
particles during operation. Two chromel“alumel thermocouples 
protected by 6 mm OD stainless steel sheaths v/ere used to measure 
the temperature at the entrance and exit of the catalyst bed. 

The reactor assembly was placed in a 4.2 cm ID vertical 
tub^^fur nace. The catalyst bed was adjusted to be in the centre 
of the furnace. An 'ALNOR N“15'“Type temperature controller of 
0-880°C range was used to control the reactor temperature. The 
effluents from the reactor were cooled by a water jacketed cooler” 
condenser. Condensate from the product stream was collected in 
a graduated pipette trap. The temperature of the effluent gases 
from the cooler condenser was measured by a thermometer. A 
three-way stop cock installed in the exit gaseous stream enabled 
samples for chromatographic analysis or for Orsat analysis or for 
venting off gases. 
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2 E^pg^imental Procedure 

The furnace was switched on and air was passed through the 

3 

reactor at a flow rate of about 200 cm /min. When the desired 
temperature was attained, the air flow to the reactor was stopped 
and simultaneously preset flow rates of nitrogen and oxygen were 
introduced. After reaching steady state conditions, butane supply 
was introduced into the reactor. After about 10 minutes, when tte 
temperature of the reactor bed was stabilised the combined inlet 
gas flow rate was measured using a soap bubble flow meter. The 
sample of inlet gas mixture was collected in a gas sampler. A 
gas-tight syringe was used to inject 5 ml gas sample into the 
gas chromatograph for analysis of inlet gas mixture. Similar 
samples for reactor effluent gases were collected for chromato- 
graphic or Orsat analysis. The amount of condensate formed was 
measured using a graduated pipette trap over a period of time. 

3.5 Analytical Methods 

A model AC gas chromatograph supplied by the Chromatography 
and Instruments Company, Baroda, India, was used for gas analysis. 
The unit was equipped with a thermal conductivity detector model 
AC-l-TC. The detector output signals were recorded using an 
Omega recorder of 1 mV range. High purity nitrogen was used as 
a carrier gas, 

A 6 mm dia.and 7,75 m long DMS column was used for the 
gas analysis. It was obtained from jy/s. Synthetics and Chemicals 
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Limited, Bareilly, India. Table 3.1 gives full specifications of 
the DMS column. 

TABLE 3.1 SPECIFICATIONS OF THE DIVE COLUMN 


Column material 
Support material 
Length of the column 
Particle size 
Packing density 


DMS-=E (Dimethyl-sulpholane ) 

G-C“222 

7.75 m 

60-80 mesh 

0.62317 g/cm^ 


The chromatographic analysis of the products was carried 

out at a column temperature of 35 °C and carrier gas flow rate 
3 

of 40 cm /min. 

A typical chromatogram is shown in Fig. 3.2. 

DMS column resolved a pure hydrocarbon gas mixture such as 
methane, ethane, ethylene, propane, propylene, n-butane, n-butene, 
trans-2“butene, cis-2-butene and 1,3 butadiene completely. However, 
in the presence of oxygen, carbon monoxide and carbon dioxide, 
the picture was somewhat different. For example, carbon dioxide 
and propane emerged as a single peak, similarily, there was 
considerable overlapping for the peaks of methane, carbon monoxide 
and oxygen. This necessitated the use of Orsat analysis for an 
independent determination of carbon dioxide, oxygen and carbon 
monoxide. Table 3^2 gives the absorbents used for Orsat analysis. 
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TABLE 3.2 ABSORBENTS FOR ORSAT ANALYSIS 


Gases 

Absorbent 

Carbon 

dioxide 

Potassium hydroxide 

Oxygen 


Sodium dithionite 

Carbon 

monoxide 

Acidic cuprous chloride 


3.6 Calibration of Chromatograph 

Known amounts of pure gas samples (obtained from Matheson 
Gas Company/ East Rutherford/ N.J./ U.S.A.) were injected into 
the column using a Hamilton gas-tight microliter syringe for 
calibration of the chromatograph. The retention time of the 
different hydrocarbon gases at specified conditions are given 
in Table 3.3. 

TABLE 3 . 3 RETENTION TIME . FOR VARIOUS HYDROCARBON GASES 

Column : DMS Carrier gas flow rate : 40 cc/min 

Temperature ; 35 *C Carrier gas : Nitrogen 


Species 

Retention time, min 

Methane 

4.5 

Etha ne 

5.5 

Ethylene 

6.3 

Propa ne 

7.5 

Propylene 

9.5 

n- Butane 

13.0 

n- Butene 

17.8 . 

tra ns - 2- Bute ne 

21.75 

c is -2“ Butene 

24.0 

1/3 Butadiene 

33.0 
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3 • Definitions 

Terms such as conversion selectivity and yield have to be 
defined properly. Following definitions were used in this study: 


Conversion, mol% 


mols of butane converted 
mols of butane fed 


X 100 


Selectivity, 

(a) w.r.t, (butenes + butadiene), mol% 

= mols of net (butenes+butadiene ) formed ^ 
mols of butane converted 

(b) w.r.t. butadiene 

_ mols of net butadiene formed 
mols of butane converted ^ 

Yield, 

(a) w.r.t. (butenes+butadiene ) , mol% 

= mols of net (butenes+butadiene) formed ^ ^00 
mols of butane fed 

(b) w.r.t. butadiene, mol% 

_ mols of net butadiene formed ^ 
mols of butane fed 


Model calculations for these quantities have been given in 


Appendix II 



CHAPTER 4 


CJIARACTERISATION OF BISMUTH MOLYBDATE IRON(K) CATALYST 
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The activity of a catalyst depends upon its solid state 
properties like crystal structure, specific surface area and 
thermal stability. These properties, therefore, are helpful in 
understanding the catalytic behaviour of materials. Accordingly, 
the catalysts used in the present study were characterised in 
terms of their chemical composition, tap density, specific 
surface area, thermal stability, microstructure and crystal 
structure, as Fe202 important ingrf.dient of the 

support, the magnetic behaviour was also examined. 

4.1 Chemical Composition 

Bismuth molybdates were prepared in two stoichiometric 
compositions by varying bismuth to molybdenum ratio . The Isl 
bismuth molyMate (Bi203 • 2M0O2 ) existing in (3 ""phase was prepared 
by the precipitation methodC 65 ] . They^phase ( 2 sl) bismuth 
molybdate (Bi202.Mo02) was prepared by the slurry reaction 
method [ 65 , 66 ]. The molybdenum and bismuth contents of the 
catalysts thus obtained were determined using Atomic Absorption 
Spectroscopy technique, as per detail given in Appendix I. 

This study confirmed the presence of Bi and Mo in desired 
stoichiometric ratios. 

A catalyst consisting of AI2O2/ Fe 202 r MgO and 0X2^^ 
per composition given in Table 4.1 was obtained from JXi/s. 
Associated Cement Companies Ltd., Bombay, India. It was found 
to be inactive for butane dehydrogenation reactions. Therefore, 
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it was used as support material in the present work. This 
material has been designated as I(K) in the text. 

TABLE 4.1 CHEMICAL COMPOSITION OF l(K) CATALYST 


Component 

mol% 

^^2°3 

75.37 

^®2°3 

13.26 

MgO 

9.68 

“2°3 

1.69 


Four compositions o£ p “bismuth molybdates corresponding 
to 3 mol, 5 mol, 7 mol and 9 mol per 100 mol I(K) were prepared. 
The actual chemical compositions of these catalysts are shown 
in Table 4.2. 


TABLE 4.2 CHEMICAL COMPOS TTIONS OF BETA BISMUTH MOLYBDATE ” 
I(K) CATALYSTS 


'^\mD 1/100 mol I(K) 

Componente*"'''^^ 

3 

5 

7 

9 

AI 2 O 2 , mol% 

73.19 

72.00 

70.43 

69.17 r 

5'e2°3 / 

12.84 • 

12.60 

12.38 

12.14 • 

MgO , " 

9.38 

9.20 

9.04 

8.86 

Cr^O^ " 

1.63 

1.58 

1.57 

1.54 

31203 . 2 M 0 O 2 / " 

2.95 

4.72 

6 . 58 

8.28 
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Similarly Y “bismuth molybdate with four compositions (i.e. 
5/ 10^ 15 and 20 mol of per 100 mol of I(K)) were prepared. 

The actual compositions are shown in Table 4.3. 

TABLE 4 . 3 CHEMICAL COMPOSITIONS Og GAMMA BISjVlUTH MOLYBDATE - 
I( K) CATA LYSTS 

5 10 15 20 


Al^O^/ mol% 

71.80 

68.58 

65.57 

62*82 

'■®2°3 . 

12.60 

12.03 

11 .51 

11.02 

MgO ^ " 

9.20 

8.79 

8.40 

8.05 

Cr^O- " 

1.60 

1.53 

1.46 

1.40 

Si2°3‘^'^°°3 / '' 

4.80 

9.07 ’ 

13.06 

16.71 


Another catalyst obtained from ^^/s. .J^ssociated Cement 
Companies Ltd./ Bombay/ India and designated as ^ ACC catalyst has 
also been used in the present study. The chemical composition 
for this catalyst is presented in Table 4.4. 

TABLE 4.4 CHEMICAL COMPOSITION OF ACC CATALYST 




Components 

mol % 


77.22 

14.46 

4.10 

2.73 


AI2O3 

MgO 


°^ 2°3 


^ 2^3 



1.48 
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4 . 2 Tap Dens ity 

Tap density of catalysts was determined by measuring the 
weight of a specified volume of catalyst powder packed by gentle 
tappings. The data are presented in Table 4.5. 

TABLE 4.5 TAP DEI'S ITIES OF DIFFEREKT CATALYSTS 


Catalyst 


3 

Tap density, g/cm 

I(K) 


0.977 

Bi202.2Mo02 

((3-) 

2.481 

fe(K) 3mol 


1.199 

Ri(K) 5 mol 


1.308 

Pl(K) 7mol 


1.383 

Pl(K) 9mol 


1.432 

Bi202.Mo02 

(Y-) 

1.760 

YI(K) 5mol 


1.251 

YI(K) lOmol 


1.405 

YI(K) 15mol 


1.563 

YI(K) 20mol 


1.657 

ACC 


1.054 


4.3 Surface Area 

The surface area measurements of the catalysts were 
carried out by single point BET method with the help of Quanta 
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Chrome, Model OS-7 (Quanta Chrome Corporation, Greenvale, N.Y. 
11548), using N2 as adsorbent. The results are presented in 
Table 4.6. 

TABLE 4.6 SURFACE AREA VALUES FOR DIFFERENT CATALYSTS 


Catalyst 

Specific 

surface area, 

_ 

Bi202.2l'©02 


2.8 


BiaOj.MOOs 

(Y-) 

7.6 


I(K) 


209.4 


Pi(K) 5mol 


7.5 


Yl(K) 15mol 


25.5 



4i4 Ther m al Analy sis 

The differential thermal analysis (DTa) and thermal gravi- 
metric analysis (TGA) were carried out in order to understand 
the thermal stability and to confirm the presence of active 
gradients by their usual phase transitions. A complex thermo- 
analytic equipment (Derivatograph, M.O.M., Budapest) was used 
to carry out these studies. Q^-Alumina was used as a reference 
material. The experiments were conducted in air at atmospheric 
pressure in the temperature range of 20-800°C with a heating 
rate of 10°C/min. 

DTA thermograms for different catalysts have been given 
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in Figure 4,1. The DTA curve for purep “-bisrauth molybdate 
(31203.2^03) catalyst exhibits three clear endotherms at 
about 595 °C, 710°c and 740°C. Similarly three endotherms were 
observed in the case of Y ^bismuth molybdate (81203 ,i'4o03 ) catalyst 
at about 620°C/ 685 °C and 700 °C. Similar observations have 
been reported by Shenoy [15]- All these endotherms may be 
attributed to the respective phase transformations. The DTA 
thermograms for P I(K) 5 mol and YICk) 15 mol catalysts also 
exhibit endothermic peaks at low temperature of about 120 °C 
which are due to the dehydration of the catalysts. No signi-= 
cant endothermic peak5 except one (very weak) at about 700°C in 
the case of Yi(k) 15 mol were observed in the supported catalysts. 
The presence of small endothermic peak may be attributed to 
the higher concentration (13.06 mol%) of Y “bismuth molybdate 
in the catalyst. 

TGA thermograms for different catalysts as shown in Fig. 

4.2 do not show weight loss for pure and pure Y”bismuth 
molybdate catalysts. However, the supported catalysts show 
weight loss only at about 120°C due to dehydration. The 
weight loss was found to be 8.5% in the case of pi(K) 5 mol 
and 6.4% in the case of Y i(k) 15 mol catalyst. Beyond 120‘’C the 
weight loss was insignificant upto 800°C. 







BI203.2M003 
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^ Diffraction Studies 

The technique of x^ray diffraction was used to identify the 
presence of various components and their phases in the pure support 
and the catalysts. The powdered samples were examined with the 
help of Seifert Iso^debyef lex 2002 X-=ray generator using Seifert 
MZ III goniometer and diffractometer under following experimental 


conditions : 




Radiation 

2 

CuKa with Ni 

filter 

Width of receiving slit 

« 

0.3 mm 


Width of scanning slit 

ft 

ft 

2 mm 


Scanning speed 


1.2Vmin (in 

2© ) 

Chart speed 

• 

30 mm/mi n 


Count rate 

ft 

ft 

500/s 


Time constant 

ft 

10/s 



The 'd' values were estimated from the angle of diffraction 
peaks in usual way. The ne asured and standard (ASTM file) 'd' 
values along with peak intensities from various reflections for 
different catalyst samples are reported in Table 4.7 to Table 
4.11. Table 4.7 and Table 4.8 present the data for the pure P •= 
and pure y “bismuth molybdates respectively. In both the cases 
prominent reflections match with those reported by other workers 
[ 67, 68] (P “bismuth molybdate smonoclinic cell, a = 11.946 A 
b =10.795 A and c =11.876 A / Y “bismuth molybdate : 0rthO“ 

o o o 

rhombic cell, a = 5 .502 A, b = 16. 213 A and c = 5.483 A) . 
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TABLE 4.7 'd' VALUES OF PUKE BETA BISMUTH MOLYBDATE CATALYST 


Observed 


Standard [ 67 ] 


hkl 


'd' (A) 

I/Io 

•d' (A) 

l/lo 


6.605 

6 

6.607 

4 

111 

5.902 

4 

5.906 

4 

002 


=■ 

4.885 

4 

021 

4.772 

2 

4.770 

2 

211^ 112 

3.770 

4 

3.770 

4 

301 

3.186 

100 

3.187 

100 

320, 023 



2.979 

3 

123, 231 

2.797 

53 

2.797 

27 

303 

2.695 

38 

2.597 

13 

040 

2.191 

14 

2.191 

6 

341 



2.173 

7 

512 



2.049 

3 

305 

1.988 

8 

1.989 

13 

600 

1.978 

58 

1.979 

14 

006 

1.944 

84 

1.944 

38 

343 

1.882 

11 

1.855 

3 

602 

1.803 

2 

1.806 

2 

060 

1.687 

70 

1.687 

36 

326, 623 

1.637 

49 

1.637 

23 

360, 063 


004 
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TABLE 4*7 CONTINUED 


Observed 

'd' (A) l/lo 

Standard 

■d' (A) 

[67] 

I/lo 

hkl 

1.596 

23 

1.596 

13 

640, 



1.580 

2 

362 



1.467 

2 

625 



1.429 

3 

065 

1.401 

14 

1.402 

6 

606 

1.347 

7 

1.349 

5 

080 


Additional 'd ' Values 

»d' (A) 

7,971 

3.740 (Y“Bi203) 

3.456 

2.624 

2.475 (Bi203-3Mo02) 
2.416 ( 1 - 31203 ) 

2.265 0 - 81203 ) 

1.996 (Y-Bi203) 
1.857 (Y “ 81203 ) 
1.544 (Y--Bi203) 


l/lo 

6 

4 

9 

8 

3 

4 
2 
8 
9 
2 


1 . 369 


(Y-BijOa) 


4 
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'1 


TABLE 4.8 ’d' VALUES OF PUKE GAM'-IA BISMUTH MOLYBDATE CATALYST 


Observed Standard [ ASTM 2 !•=• 102] 

'd'(A) I/IO ‘d* (A) I/IO 


8.090 

20 

8.090 

16 

020 

4.538 

6 

4.540 

2 

021 

3.778 

10 

3.780 

4 

111 

~ 

... 

3.260 

2 

041 

3.149 

100 

3.150 

100 

131 

2.749 

83 

2.750 

16 

200 

2.740 

83 

2.741 

18 

002 

- 

- 

2.701 

16 

060 

2.603 

10 

2.604 

4 

220 

- 

- 

2.597 

4 

022 

2.439 

40 

2.489 

8 

151 

“ 


2.426 

2 

112 

2.273 

14 

2.276 

4 

240 

2.270 

8 

2.270 

4 

042 

“ 


1.957 

2 

152 

1.940 

93 

1.942 

18 

202 


“ 

1.927 

10 

260 

1.924 

15 

1.925 

18 

062 



1.889 

2 

222 

1.780 

5 

1.783 

2 

023 
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TABLE 4.8 CONTINUED 


Observed 

'd' (A) l/lo 

Standard [ 

‘d’ (a) 

ASTM 21“102 ] 

l/lo 

hkl 

1.730 

7 

1.730 

2 

311 



1.724 

2 

113 

- 


1.684 

2 

172 

1 * 655 

83 

1.656 

14 

331 

1.650 

83 

1.652 

20 

133 

1.633 

47 

1.634 

IS 

191 

1.575 

10 

1.577 

14 

262 

1.530 

2 

1.532 

2 

351 



1.530 

2 

153 

1.400 

5 

1.402 

2 

282 


Additional *d* Values 




’d' (A) 


l/lo 



3.591 (Y -81203) 


5 



3.495 


3 



2.871 (81203. 3MoC 

- 3 ) 

10 



2.433 


8 



2.165 (y- 31203) 


3 



2.148 (7-31203) 


7 



2.111 (81303. 3JyDC 

' 3 ) 

3 



1.846 (81203.31/06 

’3> 

8 



1.820 (81203. 3JyD03) 

8 



1.742 (Y-Bi203) 


7 



1.703 (Y“3i203) 


•7 
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Some additional very weak reflections were observed in both 
the cases. These could be attributed to the presence of small 
proportions of Y “bismuth oxide and ® -bismuth molybdate. Existence 
of such mixed phases have also bee n reported in the literature 
[67, 15]. 

The *d' values from pure support are given in Table 4.9. 

Only two weak reflections from (400) and (440) of y-alumina are 
visible while the other prominent lines were absent. It indi= 
cates that alumina is in mostly pseudo amorphous state. This 
was also confirmed by electron rnicroscopl^ studies (Section 4.6). 
Iron oxide was the second highest component in the support. 
Majority of reflections matched with tc-^iron oxide. Only two 
very very weak reflections from (200) and (220) of MgO and 
merely one very weak reflection from (104) of 0 X 2^2 
observed. These reflections correspond to highest peak inten- 
sities in ASTM data file. Thus, these weak intensities observed 
are mainly due to the small proportion of these components 
(MgO 9.68 mol% and Cr202 1.69 mol%). some additional peaks 
were also observed. Few of them were from 3 otliers 

could not be identified. 

Table 4,10 and 4.11 present the data for P I(K) 5 mol and 
yKk) 15 mol catalysts respectively. The 'd' values reported 
in these tables correspond to 'd' values as obtained from pure 
support (Table 4.9) and frdm pure p -and Y "bismuth molybdate 
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TABLE 4.9 ‘d* VALUES OF CATALYST SUPPORT^ I(K) 


Components 

Observed 

'd'(A) l/lo 

Standard 

■d'(A) l/lo 

hkl 

Y-AI2O3 



4 .560 

40 

111 

[aSTM10-=425] 

«=. 


2.390 

80 

311 


- 


2.280 

50 

222 


1.976 

20 

1.977 

100 

400 


1.392 

26 

1.395 

100 

440 

/ 3 

3.661 

33 

3.660 

25 

012 

[ ASTM13“'534] 

2.689 

100 

2.690 

100 

104 


2.512 

91 

2.510 

50 

110 


2.201 

35 

2.201 

30 

113 


1.836 

51 

1.838 

40 

024 


1.689 

64 

1.690 

60 

116 


1.595 

16 

1.596 

16 

018 


1.483 

36 

1.484 

35 

214 


1.452 

38 

1.452 

35 

300 


1-308 

22 

1.310 

20 

119 

MgO 


- 

2.431 

10 

111 

[ ASTM4.0829] 

2. 105 

7 

2.106 

100 

200 


1.487 

3 

1.489 

52 

220 

^^2°3 

=■ 


3.633 

75 

012 

[aSTM 6“ 

2.668 

9 

2.670 

100 

104 

0504 ] 



2.480 

95 

110 


.a, ■. 

«* 

1 . 670 

90 

116 
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Additional 'd' Values 


■d’ (A) l/lo 


2.197 

(e-Fe^Oj) 

10 

2.045 


5 

2-028 


5 

1.997 


7 

1-944 


8 

1.935 


6 

1.919 


4 

1.593 


5 

1.449 


8 

1.419 


10 

1.410 


12 

1.401 


10 
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TABLE 4 * 10 ‘d* VALUES OF 5 MOL BETA BISMUTH MOLYBDATE PER 

lOO MDL I(K) SUPPORT 


Observed Standard 


Components 

•d' (A) 

l/lo 

‘d'(A) 

l/lo 

hkl 

Y -AI 2 O 3 



4.560 

40 

111 

[aSTM 10-425] 

- 


2.390 

80 

311 



“ 

2.280 

50 

222 


1.973 

18 

1.977 

100 

400 


1.393 

20 

1 .395 

100 

440 

oi-Fe^Oj 

3.651 

22 

3.660 

25 

012 

[ ASTjM 13 - 534 ] 

2.687 

100 

2.690 

100 

104 


2.508 

82 

2.510 

50 

110 

,4. 

1.834 

58 

1.838 

40 

024 


1.687 

73 

1.690 

60 

116 


2.201 

18 

2.201 

30 

113 


1.592 

36 

1.596 

16 

018 


1.482 

36 

1.484 

35 

214 


1.449 

36 

1.452 

35 

300 

MgO 



2.431 

10 

111 

[ ASTM 4-0829] 

2.103 

5 

2.106 

100 

200 


1.485 

2 

1.489 

52 

220 



43 


TABLiE 4.10 CONTINUED 


Components 


[ASTM 6-0504] 


Bi202*2]yio02 
r 67] 


Observed Standard 


■d' (A) 

I/Io 

■d' (A) 

l/lo 

hkl 



3.633 

75 

012 


-= 

2.670 

100 

104 

- 


2.480 

95 

no 


- 

1.670 

90 

116 

- 


6.607 

4 

111 



3.770 

4 

301 

3.185 

36 

3.187 

100 

320, 

023 

2.795 

18 ■ 

2 .797 

27 

303 

2 .693 

8 

2.967 

13 

040 

2.193 

3 

2.191 

6 

341 

2.176. 

3 

2.173 

7 

512 


- 

1.989 

13 

600 



1.979 

14 

006 

1.943 

20 

1.944 

38 

343 

1.685 

13 

1.687 

36 

326 

623 

1 .632 

10 

1.6 37 

23 

360 

063 

1.587 

5 

1.596 

13' 

640 

046 



1.402 

6 

606 

«aa 


1.349 

5 

080 
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Addit io nal 'd' Values 


■d ■ (a) 


l/lo 

2.625 


3 

2.263 

( Y “Si2^3 ^ 

3 

2.197 

( e "Fe 202 ) 

10 • 

2 .024 


5 

1.942 

( e “Fe 202 ) 

8 

1 .919 


6 

1.858 

(Y =-£ 1202 ) 

5 

1.595 


9 

1.408 


9 

1.399 


7 
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TABLE 4.11 'd ' 

VALUES FOR 15 MOL GAMMA 

BISMUTH jyDLYBEATE 


PER 

100 MOL I(K) SUPPORT 



Components 

Observed 

' d ' ( A ) 1 / lo 

Standard 

’d'(A) l/lo 

hkl 

Y-AI2O3 

“ 


4 .560 

40 

111 

[ ASTM 10-=-425] 


- 

2.390 

80 

311 




2.280 

50 

222 


1.963 

15 

1.977 

100 

400 


1.391 

13 

1.395 

100 

440 

“"^6203 


“ 

3.660 

25 

012 

[aSTM 13-=534] 

1.685 

49 

2.690 

100 

104 


2.508 

20 ■ 

. 2.510 

50 

110 


1,830 

16 

1.838 

40 

024 


1.680 

28 

1 .690 

60 

116 



■= 

2.201 

30 

113 


1 .589 

6 

1.596 

16 

018 


1.478 

10 

1.484 

35 

214 


1,441 

10 

1.452 

35 

300 

MgO 

“ 


2.431 

10 

111 

[ ASTM 4--0829] 

2.101 

5 

2,106 

100 

200 


1.472 

2 

1.489 

52 

222 
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TABLE 4.11 CONTINUED 


Components 

Observed 

'd' (a) I/Io 

Standard 

■d'(A) l/lo 

hkl 

='^2°3 

- 


3.633 

75 

012 

[ ASTM 6“0504] 


- 

2.670 

100 

104 




2.480 

95 

110 




1.670 

90 

116 

Bi 203 .MDO 3 

8.080 

4 

8.090 

16 

020 

[ ASTM 21-102] 



3.780 

4 

111 


3.142 

100 

3.150 

100 

131 



- 

2.750 

16 

200 


2.738 

41 

2,741 

18 

002 


- 

- 

2.701 

16 

060 


2.487 

16 

2.489 

8 

151 


1.937 

47 

1.942 

18 

202 




1.927 

10 

260 


.. 


1.925 

18 

062 


1.644 

36 

1.656 

14 

331 


1 . 648 

36 

1.652 

20 

133 


1.631 

35 

1.634 

18 

191 


1.567 

16 

1.577 

14 

262 


- 


1.402 

2 

282 
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Additional *d* 

Values 


'd' ( a) 



3.589 

( Y “^^2*^3 ^ 

5 

2.869 

(Bi202.3Mo02) 

10 

2.428 


8 

2.195 

(e“Fe 203 ) 

5 

2.146 

(y =Bi202) 

6 

2.030 


3 

1.941 


4 

1.919 

(Bi203*3Mo02) 

6 

1.842 


8 

1.700 


7 


1.415 


5 
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(Table 4.7 for and Table 4.8 for Y “bismuth molybdate) 
including additional lines. The exact matching of measured 'd' 
values of p “ and Y"bismuth molybdate in pure and supported 
state indicates the absence of support^catalyst interactions/ 
whether chemiical or structural. Also it is important to mention 
that there was no change in X-ray diffraction patterns for the 
spent catalysts in comparison to fresh catalyst indicating good 
chemical and structural stabilities, 

4.6 Electron Microscopic Studies 

The transmission electron microscopy was carried out 
mainly to study the structure and state of dispersion of the 
active components (bismuth molybdates) on the support. 

The powdered catalyst particles were suspended in high 
purity acetone with the help of ultrasonic vibrator and were 
allowed to settle for about an hour. A drop of each of the 
above suspensions vjas carefully placed over a 200 mesh carbon 
coated copper support grid. These grids were examined under a 
Phillips EM 301 transmission electron microscope operating at 
lOO KV with a resolution of better than 10 A. The gold film 
deposited on carbon coated copper grids were used as standard 
for electron diffraction work. The electron micrographs and 
corresponding electron diffraction patterns were recorded for 
each of the catalysts. The 'd' values of these electron 
diffraction patterns were estimated using gold diffraction 
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pattern. 

Bi202 «2MoO ^ (g-=phase) Catalyst 

The electron micrographs of pure beta bismuth molybdate 
catalyst are shown in Figs. 4.3a and 4.3b. Usually globular 
crystals with occasional appearance of crystals with rectangular 
cross sections are observed. Most of these appears to be agglo“ 
merates. Fig. 4.4a shows the particle size distribution. 70% 
of particles are found to lie in range of 400“ 1200 a. 

Fig. 4.3c shows the selected area diffraction patterns 
of the above catalyst corresponding to micrograph 4.3b. As 
may be noted from the data given in Table 4.12^ the calculated 
‘d* values are in good agreement with the reported 'd' values 
of beta bismuth molybdate. It thus confirms that the bismuth 
molybdate catalyst prepared in this study was in single phase 
and did not show the presence of other forms . This was also 
confirmed by X^ray diffraction studies . 

TABLE 4.12 INTERPLANER 5 PAG IN(^ ('d* Values) OF ELECTRON 
DIFFRACTION CORRESPONDING TO FIGURE 4.3C 


'd' (A)^observed 

'd ' (ALstandardr67l 

hkl 

3 . 183 

3.187 

320,023 

2.605 

2.697 

040 

1.940 

1.944 

343 

1.697 

1.687 

326 



(a) Electron Micrograph 



(b) Electron micrograph (c) Electron diffraction 

Fig. 4.3 Electron microscopic pictures of Bi202-2Mo02 catalyst 
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O 

00 •< 
CM 


8" 


O O 
S Cl 

CM 
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O 

Si* CD 
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61203. M0O3 particle size, A 

Fig, 4*4 - Particle size distribution of pure 6-and pure bismuth molybdate 2 
catalysts. 
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^ Y°Phase) Ca t alyst 

The microstructures of pure Y“bismuth molybdate catalyst 

are shown in Figures 4.5a and 4.5b. The gamma bismuth molybdate 

crystals appear as elongated prisms with larger grain size in 

comparison to beta bismuth molybdate crystals. Many of these 

are intangled to each other. The average particle size distri-^ 

bution is shown in Fig. 4.4b. The 85% particles are found to 

lie in the -range of 2000=5000 a. 

Fig. 4.5c shows the selected area diffraction pattern of 

the above catalyst corresponding to the micrograph 4.5b. The 

calculated *d' values from this pattern are given in Table 4.13. 

A good agreement with the reported 'd' values corresponding to 

0 

Bi202.Mo02/ Y “Phase structure (orthorhombic cell, a = 5.502 A, 

0 o 

b = 16.213 A, and c = 5.483 A) was observed. No other form of 
bismuth molybdate was detected. 

TABLE 4.13 'd' VALUES CORRESPONDING TO FIGURE 4.5c 


0 

'd ' (a). Observed 

•'d ' (a). Standard 
f ASTM 21=1021 

■ hkl, 

3.115 

3.15 

131 

2.206 

2.270 

042 

1.975 

1.957 

152 


1 .568 


1.577 


262 
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(b) Electron micrograph (c) Electron diffraction 


Fig. 4.5 Electron microscopic pictures of Bi 203 * MoO^ catalyst 
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Catalyst Suppor t 

The support in the present system consisted of Al 2 C> 2 ^ 
Fe202f MgO and Cr202 in the molar composition of 15 . 21 %, 13.26%/ 
9.68 and 1.69%. Electron microscopy of this support was carried 
out after loading it on a carbon thin film to understand its ' 
micros tructural behavior. Figure 4.6a is' an electron micrograph 
of the above support. Agglomerates of globular particles are 
observed. The selected area diffraction pattern of the above 
is shown in Figure 4.6b. The observed diffraction pattern 
shows texture. It corresponds to a -iron oxide as indicated 
from their 'd' values shown in Table 4.14. Alumina is the 
highest component in the support. However, it did not show 
any diffraction indicating the presence of alumina in a semi- 
amorphous state. This vjas also confirmed by the X-ray diff- 
raction studies. Similarly no diffraction pattern was observed 
from magnesium and chromium oxides. This may happen also as 
a result of their minute concentrations in the support. 

Supported Catalysts 

Bismuth molybdate catalysts impregnated on the support 
in different proportions as described in Section 4.1 were stu- 
died by electron microscopy techniques after usual sample pre- 
parations. The observations are presented below. 

The electron micrograph and corresponding diffraction for 
|3l(K) 5 mol catalysts are shown in Figs. 4.7a and 4.7b. Two 
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(a) Electron micrograph 


oCFc203(220) 

• <*/e2Q3 
(214) V ^ ■ y qo4) 


oiFcsOs J 
(006) ^ 


(?cF2203 (100) 


(b) Electron diffraction 


Electron microscopic pictures of catalyst support/ I(K) 


Fig. 4.6 
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(a) Electron micrograph 



r/5(320) 
'«;^FC203 
^ ( 229 ) 


/ 3 ( 3 /» 3 ) 

06FG2O3 


( 119 ) 



(b) Electron diffraction 


Electron microscopic pictures of pI(K) 5 mol catalyst 


Fig. 4.7 
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TABLE 4.14 'd*' VALUES CORRESPONDING TO FIGURE 4.6b 


0 

'd ' (a), observed 

■•d ' (a), standard 

h^kl 


[ ASTM 13“534 ] 


4.398 

4.359 

100 

2 ♦669 

2.69 

104 

2.285 

2.285 

006 

1.7025 

1.69 

116 

1.515 

1.484 

214 

1.310 

1,310 

119 

1.271 

1.258 

220 

types of particles, > 

one consisting of sharp 

edged particles 

such as triangular and globular and another 

type devoid of 

sharp boundaries are 

noted from Fig. 4.7a. 

The particles with- 

out sharp boundaries 

may be from amorphous 

al umina. Both types 


o£ particles appear to be coated with beta bismuth molybdate 
particles which remain unresolved. The interplaner spacings 
from corresponding diffraction pattern (Fig. 4.7b) are given 
in Table 4.15. l€nile the spots falling on rings correspond 
to P “bismuth molybdate/ the 'd’ values from the other intense 
spots correspond to ci:“Fe202. Quite often, the diffraction from 
homogeneously coated particles correspond to a -Fe 203 single 
crystals while diffraction from P “bismuth molybdate is not 
visible presumably because of absorption in crystals. 
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Such a situation is shown by electron micrograph in Fig. 4.7c 
and corresponding diffraction pattern (Fig. 4.7d) which matched 
with a ■“Fe202 as given in Table 4.16. Another representative 
micrograph given in Fig. 4.7e shows the support to be homogene- 
ously coated with p -bismuth molybdate. It is interesting to 
note that unlike pure P -bismuth molybdate which produces big 
single crystal particles^ the supported P -bismuth molybdate 
gives indistinguishably small particles. 

TABLE 4.15 'd ‘ VALUES CORRESPONDING TO FIGURE 4.7b 


0 

•d ' (a), observed 

O 

'd ' (a)/ standard 

hkl , 


Bi203.2Mo02 3,183 

3.187 

320,023 

[ 67] 2.605 

2.697 

040 

1.940 

1.944 

343 

1.697 

1.687 

326 

Fe202 1.296 

1.310 

119 

r ASTM 13-5 34] 1.020 

1.038 

404 

0.975 

0.972 

229 

The observations of electron microscope studies of Y“ 

bismuth molybdate supported catalyst 

( y 1(K) 15 mol) 

samples 


prepared in an identical manner as for supported p “bismuth 
molybdate are shown by representative micrograph and corres- 
ponding diffraction pattern in Fig, 4.8a and 4.8b respectively. 
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(c) Electron micrograph (d) Electron diffraction 



(e) Electron micrograph 


Fig. 4 .7 Electron microscopic pictures of p I(K) 5 mol catalyst 



(a) Electron micrograph 



(b) Electron diffraction 


Electron microscopic pictures of yliK) 15 mol catalyst 
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TABLE 4.16 'd' VALUES CORRESPONDING TO FIGURE 4.7d 


'd‘ (A), observed 'd ' (i), standard hkl 

C ASTM I3“534 l 


3.679 

3.66 

012 

2.676 

2.69 

104 

1.848 

1.86 

024 

1 .745 

1.69 

116 

1.350 

1.349 

208 

1.198 

1.189 

128 


The micros true tural features reveal that in this case also the 
support is homogeneously coated with the catalyst and is quite 
similar to p “bismuth molybdatej. The electron diffraction 
corresponding to the above micrograph is shown in Fig. 4.8b. 

The spots forming regular net-work are found to be froma-"Fe 203 
and rest from the Y“bismuth molybdate as evident from observed 
interplaner spacings shown in Table 4.17. 

TABLE 4.17 *d' VALUES CORRESPONDING TO FIGURE 4.8b 


'd ' (A)/ observed ‘d' (A)/ standa rd, hkl 


BioO_ .MoO- 
^23 3 

1 . 940 

1.942 

202 

[aSTM 21“102] 

1.630 

1.634 

■ 191 


1.485 

1.496 

223 


1.418 

1.452 

300 

[aSTM 13“534] 

1.295 

1.258 

220 


1.215 

1.213 

223 
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The electron microscopic studies of the catalysts reveal 
that unsupported pure catalyst materials grow into large size 
single crystals. Further, the average particle size of p - 
bismuth molybdate is found to be smaller than Y “bismuth moly- 
bdate . 

The electron microscopic studies of the support consisting 
of AI 2 O 3 / molar ratio of 75.37%, 13.26%, 

9.68% and 1.69%, respectively indicated that alumina is present 
mostly in amorphous state. The electron diffraction is visible 
only from a“Fe 202 * 

The microstructural features as studied from electron 
microscopy of supported p - and y -bismuth molybdate seem to be 
quite similar except in their chemical and crystallographic 
differences. The support in both the cases is found to be 
homogeneously coated with the active components. The support 
appears to be chemically undffected after impregnation in 
comparison to the pure catalysts . 

4.7 Magnetic Characterization 

Fe 203 is another major component of the support (13.26 mol%) .1 
This is magnetic in character. In order to investigate the possi- ; 
bility of support-catalyst interactions in fresh and spent j 

catalysts, the magnetization study was carried out. Samples of 
different catalyst were prepared in the form of short cylinders | 
of 3 mm diameter and 3 mm height. The measurements .were accompli- : 
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shed at room temperature using Varian V=*72O0 series 9" electro- 
magnet and parallel field vibrating sample magenetometer (Model 
150 A PARC, USA). The magnetization curves for support, supported 
fresh and spent catalysts (for P I(K) 5 mol) are shown in Fig. 4.9 
corresponding to one gram equivalent of interesting 

to note that for all the cases the magnetization curves are almost 
identical indicating either very weak or complete absence of 
support-catalyst interactions. 
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ts of different catalysts. 




CHAPTER 5 


RESULTS AND DISCUSSIONS 
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5 Rsproducibi lity o£ ths ExpGiri insntsl Rssults 

In order to study the reproducibility of the results, the 
experiments were repeated five times (runs numbered 1 to 5, details 
given in Appendix III) under the same conditions. The product 
distribution data for the specified experimental conditions are 
given in Table 5.1, The results of conversion, yield and selec-= 
tivity for these five test runs are given in Table 5.2. The 
standard deviations for conversion, yield and selectivity are 
also given in the same table. A good reproducibility of the 
results is noted. 

It may be mentioned that in the presence of excess oxygen, 
the system acts as a self regenerative type and catalyst fouling 
does not occur. The theoretical ratio of oxygen to butane ratio 
for these reactions is 1.0. An oxygen to butane ratio of 1.67 
used in these runs contains adequate amount of excess oxygen. 

5.2 Mass Transfer Aspects 

In the study of heterogeneous catalysis, it is important 
to check whether the mass' transfer resistances are significant, 
Tliough the mechanism of the surface catalysis is generally complex; 
the sequence of the encountered rate steps can be described as 
follows : 

(i) the diffusion of the reacting molecules to the 
catalyst surface, 

(ii) the diffusion of the reacting molecules into the 
interior of the catalyst particle. 
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table 5.1 PR QEUCT DISTRI BUTION DATA 


(on dry basis) 



Catalyst weight 

* 

12,80 g 

Active component 

% 

3120^ .2 MoO^ 

Catalyst concentration 


5 mo 1/100 mol I(K) 

Temperature 

- 

450°C 

w/f 

• 

2.50 g/ ( mg mol/mi n ) 

Oxygen to butane ratio 

t 

1.67 

Nitrogen to oxygen ratio 


1.60 


'"^■v^un NO. 

Products/'.^ 

mol% 

- . - - 

1 

2 

3 

4 

5 

Ethylene 

0.00 

0.11 

0.11 

0.00 

0.00 

Propylene 

0.00 

0.00 

0.00 

0.00 

0.00 

n“ Butane 

14,04 

14.. 04 

15.08 

14.58 

14.02 

n“ Bute ne 

0.24 

0.26 

0.22 

0.22 

0,21 

tranS‘“2“Bute ne 

0.32 

0.31 

0.32 

0.29 

0.31 

c is “2‘> Butene 

0.32 

0.32 

0.32 

0.35 

0.32 

1,3 Butadiene 

1.36 

1.44 

1.27 

1.40 

1.50 

Metha ne 

0.00 

0.00 

0.00 

0.00 

0.00 

Carbon dioxide 

14.66 

16,27 

15.06 

14.26 

15.52 

Oxygen 

10.03 

10.49 

12.04 

11.78 

10.33 

Carbon monoxide 

3.47 

1.17 

0.00 

1.53 

2.21 
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TABLE 5,2 TEST OF REPRODUCIBILITY 


Experimental 

conditions 

as given 

in Table 5.1 


no. 

Res ults"''''''''’''-^^^ 

1 

2 

3 4 

5 

Conversion of 
n- butane / mol% 

32.51 

32 .50 

27.51 29.89 

32.60 

Yield(bd), mol% 

6.52 

6.94 

6.09 6.74 

7.21 

Yield (bute+bd), 
mol% 

10.73 

11.27 

10.25 10.91 

11.28 

Selectivity 
(bd), m«l% 

20,04 

21i35 

22.14 22.55 

22.12 

Selectivity 
(bute+bd), raol% 

32.99 

34.66 

37.27 36.50 

34 .62 

Standard Deviations 




s 

conversion 

— 

2.02 


“^yield 

(bd) 


0.58 


s 

yield (bute+bd) 

= 

0.38 


iS 

selectivity (bd) 


0.8S 



selectivity (bute+bd) 


= 1.51 
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(iii) tne adsorption of the reactants on the catalyst 
surface, 

(iv) the surface reaction of the reactants to form products, 

(v) the desorption of the products from the catalyst 
surface, 

(vi ) the diffusion of the products through the interior 
of the catalyst particle to the external surface of 
the catalyst and 

(vii) the diffusion of the products into the bulk fluid. 

To test whether the mass transfer resistances are negligible, 
one of the simplest methods is to conduct experiments using 
particles of different sizes of the catalyst under otherwise 
identical set of conditions. Accordingly, test runs 6 and 7 were 
conducted and the results are given in Table 5.3. It is noted 
that the effect of the catalyst particle size on the ultimate 
results is negligible; indicating, thereby, that the pore diffu“ 
sional resistances were insignificant and chemical reaction 
regij^me is predominant. 

5.3 Effect of Mass Flow-rate on Conversion, Yield and Selectivity 

Another method to find out whether the reaction is kineti- 
cally controlled or controlled by mass transfer, is to vary the 
mass flow rate and examine its effect on product distribution- 
Hence the catalyst to gaseous feed flow ratio (w/f) was varied 
in the range of 0.6-2. 6 g catalyst/ (mg mol/min) . For the reactor 
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TABLE 5 . 3 EFFECT OF PARTICLE SIZE OF THE CATALYST ON CONVERSION/ 
YIELD AND SELECTIVITY 


Catalyst weight 
Active component 
Catalyst concentration 
Temperature 
w/f 

Oxygen to butane ratio 
Nitrogen to oxygen ratio 


12.80 g 
Bi202.2Kio02 
5 mol/100 mol I(K) 
450°C 


0.50 g/(mg mol/min) 
0.80 
1.60 


Particle 
size o£ 
catalyst 

Conve rsion, 
mol% 

Yield (bd), 
mol% 

Yield 

(bute+ 

bd), 

mol% 

Selectivity 
(bd) /mol% 

Selectivity i 
(bute+bd)/ 
mol% 1 

3-6 mesh 

22.03 

4.76 

8.17 

21.63 

37.11 

40-60 

24.20 

5.27 

8.72 

21.75 

36.01 

mesh 
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size used in the present study this range corresponds to a contact 
time of about 0.5-2.0 seconds which is normally used in practice. 

In the typical reactor design used in this study a fixed amount 
of catalyst charge of 12.80 g was accommodated within the tempera^ 
ture probes. Hence the amount of catalyst charge was not varied. 
The flow rate of the gaseous feed was varied to obtain the desired 
range of catalyst to feed ratio. 

The experiments were carried out at different oxygen to 
butane ratios and temperatures. The experimental data have been 
given in Appendix III. The results have been summarised in 
Table 5.4 at the specified reaction conditions. 

The effect of mass flow rate on conversion has been shown 
in Fig. 5.1. It is noted that there was negligible effect of 
mass flow rate on conversion. It means that at all conditions 
(w/f ratios )■ ' . an 

adequate amount of catalyst was present to produce uniform 
product distributions. Welch et al.[69] found that the mass 
flow rate had little effect on conversion in the case of , oxidative 
dehydrogenation of butenes to butadiene. 

Fig. 5.2 shows the effect of mass flow rate on the yield 
of butadiene. The yield of butadiene is found to remain constant 
with mass flow rate. 

Fig. 5.3 shows the effect of mass flow rate on the combined 
yield of butenes and butadiene. The combined yield was also not 
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TABLE 5.4 EFFECT OF MASS FLOW RATE ON CONVERSION/ YIELD 
AND SELECTIVITY 


Catalyst 

Weight of catalyst 

Active component 

Catalyst concentration 

Temperature 

Oxygen to butane ratio 

Nitrogen to oxygen ratio 


pi(K) 

; 12,80 g 

; Bi202.2MD02 

; 5 mol/100 mol I(K) 

; 450 °C 

: 1.67 

: 1.60 


"^.^/F/g mgmol min 

Results"\ 

0.50 

1 .00 

1.50 

1.75.- 

2.00 

2 .5C 

Convers ion, 
mol% 

33,11 

29.20 

32.25 

30.09 

32.15 

32.51 

Yield (bd), 
mol% 

7.28 

7.02 

7.48 

7.11 

7.23 

6.51 

Yield (bute+bd) 
mol% 

11 .89 

11.23 

12.00 

11.36 

12.05 

10. 7f 

Selectivity (bd), 
mol% 

21.98 

24.05 

23.19 

23.64 

22.48 

20.0^ 

Selectivity 
(bute +bd) ,mol% 

35 . 90 

38.47 

37.20 

37 . 76 

37.47 

32. 



W/F, g/ (mg mol / min) 


Fig. 5-1 -ittcct of mass flow rate (W/F) on conversion 
of a- butane. 





5*2 


Cat. s)8I(K)5mol 
Temp.* 450 ®C 
Co/C^Hio s 1*67 


W/F,g/(mg mol /min) 


Flg.54- Etfeet of mass flow rate (W/F) on yield 
butadiene. 




Yield of (C4H8 + C4H6) ,mol •/. 


Cat» (K)5mol 
T8fnp.s450*C 
02/C4Hio=1-67 


W/F,g/(mg moW min) 


Flg.5-3-Ett€ct of mass flow rata(W/F) on yl«ld of 
(butenes ♦ butadiene). 
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affected by the mass flow rate. The conversion of butane to 
butadiene is a consecutive reaction with butenes as intermediate 
products. It is known that butenes can readily be converted to 
butadiene. The success of dehydrogenation of the butane to 
butadiene, therefore, depends greatly on the ease of . conversion 
of butane to butenes. 

Fig. 5.4 shows the effect of mass flow rate on the select 
tivity of butadiene. The selectivity is found to remain constant 
with mass flow rate. 

Fig. 5.5 shows the effect of mass flow rate on the combined 
selectivity of butenes and butadiene. The selectivity (butenes + 
butadiene) is also found to remain constant with mass flow rate. 
These results are in good agreement with the findings of Welch 
et al. [69] 

Similar observations were made at all 02^’^4^*10 
at all temperatures covered in this study 

^ Effect of Concentration of g -Bismuth molybdate Catalyst on 
Conversion, Yield and Selectivity 

Four catalyst concentrations for p “-phase of bismuth 
molybdate catalyst ( 31203 »2 jmo 02 ) were selected for the study of 
the effect of catalyst concentration. The results (from run 
NOS. 8 to 27 given in Appendix III) have been summarized in 
Table 5.5. 

For the sake of discussion, the data of Table 5.5 have 






Selectivity of (C4H8 ♦ C4Hg>,moi% 



Fig. 5- 5 


- Ett«ct ot mass flow rate (W/F) on selectivity 
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TABLE 5.5 EFFECT OF CONC ENTRATTQW OF Bio0^.2MoO^ CATALYST 

" "" II - • ~ ““O 

ON C OWERS ION. YIELD AND SELECTIVITY 


Catalyst 

t 

P I(K) 

Catalyst weight 

a 

0 

12.80 g 

Active component 

; 

Bi202.2l'.3o02 

Temperature 


450°C 

w/f 

- 

2.00 g/ (mg mol/ min ) 

Oxygen to butane ratio 

• 

1.67 

Nitrogen to oxygen ratio 

• 

1.60 


R0SUltS 

Conversion, 

Yield 

Yield 

Selectivity 

Selectivity 

Catalys 
concentration 
mo 1/100 mol 
I(K) 

mol% 

(bd), 

mol% 

(bute+ 

bd), 

mol% 

(bd), mol% 

(bute+bd), 

mol% 


29.68 

5.26 

9.42 

17.72 

31.75 

32.15 

7.23 

12.05 

22.48 

37.47 

30.38 

6.96 

11.02 

22.93 

36.26 

28.26 

6.00 

9.75 

21.24 

34.51 


9 
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been represented in Figs, 5. 6-5. 8 . 

Fig, 5.6 shows the effect of catalyst concentration on the 
conversion of n-butane. It is noted that the conversion increased 
with increase in j3 “bismuth molybdate concentration uoto about 
5 mol/100 mol I(K). Thereafter the conversion decreased. 

Fig. 5.7 shows the effect of the catalyst concentration 
on the yield of butadiene. It is observed that the maximum yield 
occured at the catalyst concentration of 5 mol/lOO mol I(K). 

Figure 5.8 shows the effect of catalyst concentration on 
the selectivity of butadiene. The maximum selectivity was found 
to occur at catalyst concentration of 5 mol/lOO mol I(K). 

It may be concluded from the above that catalyst concentra“ 
tion of 5 mol/lOO mol I(K) gave the optimum results in terms of 
conversion, yield and selectivity. It is in good agreement with 
the findings of shenoy [ 15 ] • 

5.5 E ffec t o f Concentration of Y” Bismuth molybdate Catalyst on • 
Convers ion. Yield and Selectivity 

The effect of four different concentrations of y “bismuth 
molybdate ( 31202 .^ 003 ) catalyst on the product distributions have 
been examined. The data are summarised in Table 5.6. They corres 
pond to run nos. 28 to 47 given in Appendix III. 

Fig. 5,9 shows the effect of catalyst concentration on 
conversion of n—butane. The optimum conversion is found to occur 
at 15 mol/100 mol l(K) catalyst concentration. 



Cat. s/3I(K) 

T«mp.s450*C 

W/F = 2 0g/(mg mol/min) 
02/C4H-ja*1'67 


BI2O3.2MoO3.mol/IOOmol I(K) 


Fig. 5*6 - ift«ct of concentration of Bi203-2Mo03 
catalyst on conversion of n^butane. 





Cat,=/3I(K) 

Temp.* 450 X 

W/F s 2 0 g /(mg mol/ min) 

02/C4H|o=1-67 


BI2O3. 2Mo03.mol /100 I (K) 


F^. 5. 7 - Ef f «ct of concentration of 81203. 2M0O3 
catalyt on yield of butadiene. 




Bi203. 


Fig. 5*8 - Effect of conce 
on selectivity o 
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TABLE 5.6 EFFECT OF CONCENT RATION OF CATALYST 

Z-^3 O 

ON CONVERSION/ YIELD AND SELECTIVITY 


Catalyst 
Catalyst weight 
Active component 
Temperature 
w/f 

Oxygen to butane ratio 
Nitrogen to oxygen ratio 


yKk) 

12.80 g 

450 °C 

2.00 g/(mg mol/min) 
1.67 
1.60 


It s 

Catalyst 
conce ntrationr" 
mo 1/1 00 mol 

I(K) 

Conver- 

sion, 

mol% 

Yield (bd ) , 
mol% 

Yield 

(bute+ 

bd), 

mol% 

Selecti- 
vity (bd ) , 
mol% 

Selectivity 
(bute+bd) , 
mol% 

5 

30.12 

3.46 

7.20 

11.47 

23.89 

10 

34.14 

5.21 

9.10 

15.25 

26.66 

15 

35.10 

5.88 

9.93 

16.76 

28.28 

20 

33.49 

5.53 

9.45 

16.51 

28.21 


Cat. r^UK) 

Tcrnp.s450*C 

W/F s2-0g/(mg mol /min) 
Q2VC4Htos1-67 


81203. M0O3, mol/100 mol 1 (K) 


Fig. 5*9 - Effect of concentration of 81203.1^003 catalyst 
on conversion of n-butane. 
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Figure 5.10 shows the yield of butadiene with respect to 
catalyst concentration. The optirnum is found to occur at 15 mol/ 
100 mol I(K) catalyst concentration. 

Fig. 5.11 shows the effect of catalyst concentration on 
the selectivity of butadiene. In this case also the optimum 
occurs at 15 mol/100 mol I(K) catalyst concentration. 

It may be concluded from the above observations that the 
/"bismuth molybdate has its maximum activity and selectivity at 
catalyst concentration of 15 mol/100 mol l(K). Shenoy [15] also 
observed similar behaviour. 

^ ^ Comparision of Beta and Gamma Phases of Bismuth molybdate 
Catalysts 

It is desirable to compare the activity and selectivity 
of two phases of bismuth molybdate under the same conditions. 

The experimental results have been summarised in Table 5.7. It 
is noted from table that P -phase is more e£ - f e eti - vc and selective 
than Y “Phase in all respects. This is in close agreement with 
the observations of Shenoy[l5] . 

5.7 Comparison with ACC Catalyst and Selection of the Catalysjt 

An ACC catalyst containing bismuth oxide vjas procured for 
a comparative study. The chemical composition of this catalyst 
has been given in Section 4.1. The results obtained for ACC 
catalyst have been compared with those p " and /“pl^^ses of 
bismuth molybdate catalysts in Table 5.8. The results for ACC 



Yield of bu\Q^im9.\mol% 


6 



BIj O 3 . Mo 0 3 .mol /100 mol I ( K) 


Fig.S-10- Effect of Goncentroti^^ of Bi203.Mo03 

catalyst on yield of butadiene. 



Selectivity of butadiene, mot */< 


Cat. =HI(K) 

Temp.= 450*C 

W/F =20g/(mg mol/min) 
02/C4H|as1-67 


81203. M0O3 moi I (K) 


Fig. 5-11 - Effect of concentration of 81203. MoO 3 
catalyst on selectivity of butadiene. 
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TABLE 3.8 ,Q E_.CATALYST PERFORiVAHCE FOR SELECTION OF 

THE BEST CATALYST 

Catalyst weight : 12.80 g Temperature : 450°' 

Oxygen to butane : 1.67 Nitrogen to : 1.60 

oxygen ratio 


w/F,g/(mg mol/min) 




1.00 

1.50 

1.75 

2.00 

2.50 

Catalyst^ 

•s* 







Conversion, 

mol% 

29.20 

32.25 

30.15 

32.15 

32.51 


Yield (bd), 
mol% 

7.02 

7.48 

7.. 11 

7.23 

6-52 

p 1 (K) 5 rnol 

Yield (bute+ 

1 X.1 ) , inol% 

11.23 

12.00 

11.36 

12.05 

10.73 


Selectivity 
( M ) , mol% 

24.05 

23.19 

23.59 

22 .48 

20.04 


Selectivity 

(bute+bd), 

mol?4 

38.47 

37.21 

37.69 

37.47 

32.99 


Con vers ion, 
mol% 

35.26 

35 .85 

35.44 

35.10 

34.35 


Yield (bd ) , 
mol% 

5.75 

5.40 

6 . 16 

5.88 

5.81 


Yield (bute+ 

9.99 

10.62 

9.83 

9.93 

9.84 

YI(K)15 mol 

bd ) , mol% 







Selectivity(bd)p.6.30 

15.07 

17.38 

16.76 

16.91 


mol% 







Selectivity 
( bute +bd ),mol% 

28.33 

29.61 

27.73 

28.28 

28.64 


Conversion, 

mol% 

24.53 

27.18 

25.50 

25.26 

26.34 


Yield (bd), 
mol% 

3.46 

3.42 

3.75 

3.60 

3.49 

ACC 

Yield ( bute + 
bd), mol% 

8.13 

7.95 

7.73 

8.11 

8.40 


Selectivity 
(bd) ,mol% 

14.09 

12.59 

14.72 

14.26 

13-26 


Selectivity 

(bute+bdlmol% 

33.14 

29.24 

30.33 

32.10 

31.90 
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catalyst correspond to run numbers 48 to 52 given in Appendix III. 

Fig. 5,12 shows the conversions obtained with different 
catalysts. The ACC catalyst was found to give lower conversion 
in comparison to pKK) and catalysts. The ACC catalyst 

does not contain FioO^ which is reported to be responsible for the 
higher activity of bismuth molybdate catalysts, 

£'ig» 5,13 shows the yield of butadiene obtained from 
different catalysts. The p I( k) catalyst gave the highest yield. 

Pig, 5,14 shows the selectivity of butadiene obtained with 
di I, L'orc; nt c^Mtalysts. Tne highest selectivity was obtained with 
p I(K) catalyst. 

It becomes clear from the above comparative study that 
pi(K) 5 mol is the best catalyst. It may also be noted that the 
mass flov\/ rate had no effect on conversion^ yield and selectivity 
for all the three catalysts. This confirms that the diffusional 
factors were absent and the kinetics was controlling the reaction 
rates. Hence pI(K) 5 mol catalyst was selected for further 
studies on the effect of temperature & oxygen to butane ratio 
on product distribution. 

5 , 8 Effect o f Te mperature on Conversion, Yield and Selectivity 
At temperatures lower than 400 the oxygenated products 
like alcohols are reported to be formed in preference to dehydro 
genated products [70 ] , Above 500 °C the bismuth molybdate 
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Fig;5 t3 - Yield of butadiene over different catalysts. 
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Fig. 5*14 -Selectivity of butadiene over different 
catalysts. 
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catalysts tend to loose their activity r 70] . i.^oreover, cracking 

and secondary reactions become more predominant at higher tempe- 
ratures. ifencC/ the experiments were conducted between 400=-500°C 
at different oxygen to butane ratios. The experimental observat- 
ions have been reported in Appendix III ( onward to run No. 52). 
The results at specified conditions have been summarised in 
Table 5.9. 

Fig. 5.15 shows the effect of temperature on the conversion 
of n**butane. It is noted that the increase in conversion was slovj 
upto alx)ut 450 °C and then it increased rapidly. 

Pig. 5.16 shows the effect of temperature on the yield 
of butadiene. The yield of butadiene increased from about 2 mol% 
at 400 °C to about 5.2 inol% at 500'’C with its maximum value of 
about 7.5 mol% at 450 °C. A per pass yield of butadiene of about 
7.5 mol%, beginning from n-butane, is encouraging. 

The effect of temperature on combined yield of butenes and 
butadiene has been shown in Fig. 5.17. The yield is found to 
increase »|t>to about 450 °C and decrease, thereafter, slowly. 

The effect of temperature on the selectivity of butadiene 
has been shown in Fig. 5.18. The selectivity is found to vary 
from about 6 mol% at 400°C to about 12.5 rnol% at 500®C with a 

maximum of about 23 mol% at 450 °C. 

The effect of temperature on combined selectivity of 
butenes and butadiene has been shown in Fig. 5.19. Tho combined 
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table 5 . 9 EFFECT OF TEMPERATUjRE ON CONVERSION/ YIELD 
AND SELECTIVITY 


catalyst 

Weight of catalyst 
Active component 
catalyst concentration 
w/f, rng mol/rnin 
oxygen to butane ratio 
Nitrogen to Oxygen ratio 


: p I(K) 

! 12.80 g 

: Bi202.2Mo02 ^ 

! 5 mol/100 mol I(K) 

: 1.50 

: 1.67 

: 1.60 


^\Jempera ture , 
OC 

Results^. 

400 

425 

440 

450 

460 

475 

500 

Conversion/ 

mol% 

30.79 

31.13 

31.13 

32.25 

34. 18 

36.74 

41.63 

Yield (bd) / 
mol% 

1.86 

4.83 

6.47 

7.48 

6.87 

6.53 

5.17 

Yie Id ( bute +bd ), 
mol% 

4.85 

9.08 

11.00 

12.00 

12.33 

11.26 

10.06 

Selectivity 
(bd), rnol/j 

6.06 

15.53 

20.79 

23.19 

20.08 

17.78 

12.42 

Selectivity 
( bute -f 1x3 ) , 
mol% 

15.76 

29.17 

35.33 

37.20 

36.09 

30.65 

24.16 



380 400 420 440 460 480 500 520 


Tcmpcrature/C 


Fig. 5-15- Ettcct ot temperature on conversion of 
n- butane. 
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Fig. 516- Effect of temperature on yield of butadiene. 
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rig. 5-17- Effect of temperature on yield of (butenes ♦ 
butadiene). 
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Fig. 5-18- Ettact of temparature on selectivity of butadiene 
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Fig. 5-19-Eftect of tempcratur® on wlactivity of (butenes* 
butadiene ). 
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selectivity is found to vary from about 15.8 mol% at 400®c to 
about 24.2 molyo at 500 C with a maximum of about 37.2 mol% at 
450®C. 

The overall behaviour with respect to the yield and 
selectivity of butadiene alone and combined with butenes is 
similar over the entire temperature range covered in this study. 
The optimum values are obtained at about 450 °C. The yields and 
selectivities are lower at the temperatures higher than 450°C 
due to the; formation of secondary products. 

^ Eli : u c t of Oxygen to Butane Ratio on Conversion^ Yield , 
iiPiL fc>clfcict ivity 

The ellect of oxygen to butane ratio is an important 
variable in the study of oxidative dehydrogenation reactions. 
Bismuth iiiolybdute catalyst has a labile oxygen which may be 
released during the reaction. But it is likely to get deactivated 
faster due to excessive loss of its lattice oxygen at low oxygen 
concentrations in the gaseous feed. However/ a lower limit of 
oxygen to butane ratio of 0.5 may be considered for an experi= 
mental study. The upper limit may be fixed at about 2.0 in 
view of the fact that butane air mixtures having oxygen, to butane 
ratio l)etv/een 2.25 and 10.9 are explosive [ 71 ] • The theoretical 
oxygen to butane ratio is 1.0. Further it is reported f 10, 21 ] 
that at oxygen to butarie ratios greater than 11.0, complete 
oxygenated compounds dominate the product stream. 
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The experimental observations have been reported in 
Appendix 111. Ihe results have been summarised in Table 5klO. 
at specified conditions. 

I* ig . 0,20 shows the effect of oxygen to butane ratio on 
the conversion of n- butane. The conversion is found to increase 
with oxygen to butane ratio but it tends to. reach a maximum at 
about an ^2'^^4^'^10 about 1.6. The increase in conversion 

with increasing oxygen availability is understandable. Oxygen 
is a reactant. It also reduces the effective partial pressure of 
butane. The dehydrogenation reactions are favoured at lower 
partial pressure of butane [ 72 ] . Further, the catalytic activity 
iG improved at higher oxygen concentrations due to continuous 
removal of coke from the catalyst sites. 

Figure 5,21 shows the effect of oxygen to butane ratio on 
yield of jx.itadiene. The yield of butadiene is found to increase 
with about 1.5 and then it tends to level off. 

This oteervation is significant. In case of oxidative dehydro- 
genation of butenes to butadiene welch et al. ^69] found that the 
maximum yield of butadiene occurred at 02 /C^Hg ^ratio of 0.72. 

This ratio would work out to be 1.44 in the case of oxidative 
dehydrogenation of n-butane to butadiene which is in close 

agreement with the results of this study. 

Fig, 5,22 shows the effect of oxygen to butane ratio 
on the combined yield of butenes and butadiene. The maximum 
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TABLE 5*10 EFFECT OF OXYGEN TO BUTANE RATIO ON CONVERSION, 
YIELD AND SELECTIVITY 


catalyst 
Catalyst weight 
Active component 
Catalyst concentration 
Tcrapora Lure 

w/f 

Nitrotjcn to oxygen ratio 


! pl(K) 

: 12.80 g 

81202 * 2^002 
5 rnol/lOO mol I(K) 
450®c 

2*00 g/ (mg mol/min ) 
: 1.60 


"'^.Oxygo n/ Ftut a no 

Results 

0,57 

0.80 

1.00 

1.30 

1.67 

Conversion, 

mol% 

13*70 

20.07 

25*76 

30.29 

32*15 

Yie Id ( l;xJ ) , 
mol?4 

5.00 

6*15 

6.48 

7.02 

7*23 

yield (bute+ 
bd ) ,mol% 

7*57 

8.50 

9*48 

10.89 

12.05 

Selectivity 
(bd), mol% 

36.51 

30* 66 

25*16 

23*19 

22*48 

Selectivity 
( bute +:bd ) # 
mol% 

55.26 

42.36 

36.81 

35*97 

37*47 
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Fig. 5.20- Effect of oxygen to butane ratio on conversion 
of n- butane. 
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Fig.5-21- Effect of oxygen to butane ratio on yield 
of butadiene. 
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Flg.5-22-.Ettect of oxygen to butane ratio on yield ot 
(butenes ♦ butadiene). 



107 


per pass yield, about 12 mol%,was obtained at o,/c H ratio of 

2 4 10 

about 1,5, 

Fig, 5.23 shows the effect of oxygen to butane ratio 
on the selectivity of butadiene. The selectivity is found to 
decrease from 36,5 mol% at 0.57 02/C4H3 _q to about 23,0 raoi% at 
oxygen to butane ratio of I.30. Thereafter, it becomes almost 
constant, 

i''iq, 5,24 shows the effect of oxygen to butane ratio on 
tlie combined selectivity of butenes and butadiene. The selec= 
tivity is lound to decrease from about 55.3 mol% to about 37 mol% 
as 1.1 10 oxytjun to butane ratio is increased from 0.57 to about 1.0. 
Thsn.'ai tiir, it is Lound to remain almost constant. Similar 
tehaviour h.is teen reported by Welch et al. [69] for the butenes 
to bui.adicnn systGin. 

Tiiu opLimuin selectivity with respect to butadiene obtained 
with tliis catalyst is much higher at about 23 mol% as compared 
to ai.jout 9 rTiol% reported by Shenoy^l5] . Hence, this catalyst 
seems to he more promising, 

5 . 1 0 Kinetic Model for Oxidative Dehydrogenation of n° Butane 

A kinetic model describing the behaviour of a catalytic 
reaction paves way to a better understanding of catalysis, 
improvements in catalyst design, accurate design of a chemical 
reactor and better insight in the behaviour of an existing reactor 
In kinetic studies of heterogeneous catalytic reactions, the form 
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Selectivity of (C 4 H 3 ♦ 048 $), mol % 


Cat. =y3HK)5mol 
Temp.s450®C 

W/F x2 0g/(mg moi/mln) 



Fig. 5'24- Effect of oxygen to butane ratio on selectivity 
of (butenes ♦ butadiene). 



110 


of the model equation is seldom known beforehand. However/ 
physical“Chemical laws governing adsorption and surface reactions 
coupled with some formalism like, Hougen“Watson models, Langmuir= 
Hinselwood models etc. may provide a narrow range of the forms 
of model equations. To estimate the values of parameters in 
model equations, experimental kinetic data, unmarked by external 
mass transfer and pore diffusional resistances, are to be obtained 
By increasing the flov/ rate of reactants, keeping w/f constant, 
to a point beyond which no effect on product composition is 
observed, one can assure that the external mass transfer resist= 
ances are eliminated. Similarly, by decreasing the catalyst 
particle size, pore diffusion resistances can be screened. 

Several numerical methods are available for estimating the values 
of parameters in the model. It is not uncommon that more than 
one model fit the experimental data adequately, and at this 
stage "model discrimination" can be applied to adjudge the 
most plausible model. In addition, methods for reliability 
analysis of the estimated parameters are also available. An 
extensive review on this topic has been given by Froment and 
Hosten [ 73 ] . 

Kinetic data generated at low conversions can be analysed 
by the means of a differential analysis. However, in complex 
reactions, at low conversions the main products only are iden- 

I 

tified and a rigorous treatment of the data is not possible. 

In such cases data at high conversions are obtained and integral 
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methods o£ analysis can be restored. In the following, a compre- 
hensive model based on a single-site Hougen-Wats on approach has 
been developed. Integral method of analysis was followed in 
analysing the experimental data. Failure to estimate the para- 
meters has been explained. 


Reaction Rate Model 

Based on the i'^ougen-Watson approach, a single site mecha- 
nism which incorporates the features of redox mechanism, a' 
kinetic model for the oxidative dehydrogenation of butane to 
butenes and butadiene may be represented by the following reaction 
scheme t 


where 



A 

B 

C 

D 


Butane 
Bute nes 
Butadiene 
CO, CO2 


and k^, k2 and k^ are reaction rate constants. 


is the fraction 
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of butane producing butenes, F 2 is the fraction of butane prodU“ 
cing butadiene and is the fraction of butenes producing buta-= 
diene, the rest goes to CO and C 02 - 

The following steps are assumed : 


O 2 + 1 



0^1 + 1 

^1 

A + 01 ^ 


A 


+ 1 


B + 1 


C 

B 

C 


+ 1 
+ 01 
+ 01 



01 + 01 
B, C, B 
Al 
31 


Cl 

C, D 
D 


(5.1) 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

(5.7) 

(5.8) 


where 

1 is denoted for vacant site and 01 is denoted for oxidised site. 

In the above mechanism, steps (5.1),(5.2 ),(5.4), (5.5)&;(5.6) are assumed 
to be at equilibrium, while steps involving surface reactions (5, 3 ) , 
(.5.7 ), and ( 5 . 8 ) are assumed to be rate controlling. Only A, B, C 
are assumed to be adsorbed on the vacant sites. 

Corresponding equilibrium constants are 
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K, 


"Ol 




K, 


Kr 


'Al 


^A-^l 

Si 




S = 


'Cl 


S‘^1 


Where C denotes concentration and p denotes the 
of gas . 

From equation (3), 


-■^A ° ’"iVol 


Using the site balance 


S '^1 S 2 I Si Si ^Bl ^ Si 


r,/ r„ and r_ can be expressed as 
A B C 


(-rp = 


'h 'P a^02 


l+K^Po^+IJj'POj" tK^P^+K^PB+K^Pc 


in which 


k^ ' = and K2 ' =J'k^K^ 


(Pb) = <Fi 


Vb 

1 A 


■). (“r ) 
A 


martial pressure 


(5.9) 


(5.10) 


(5*11) 


(5.12) 
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and 


k p 

(rc) = (F^ + F3. 

1 A 




(5^.3) 


In above differential equations (5.11 ),.(5.12)'/ (5,13), the 
number of parameters to be estimated are 11 which is large enough 
to cause severe convergence problem in the case of differential 
equation model if the rigorous multiresponse approach is followed 
To circumvent this difficulty a possible approach has been dis- 
cussed by Froment and Hosten [73] • According to this approach 

the yieldsof different products are considered as responses and 
preliminary estimates of ratios of rate constants are to be 
estimated. A schematic out line of this approach in the context 
of the present model is presented below. 

The design equations for fixed bed reactors are given by 


Qs 

0 

> 

II 

dx 

dt 

dW/F^ 

dC 

B _ 

du 

dt 

dv.«/F_^ 


dv 

dt 



where 


(5.14) 

(5.15) 

(5.16) 


X = conversion of A; and p^ = p, (l“x) 

A Aq 

u = conversion of A to B; and p =up 

® ^o 

V = conversion of a to C; and p =vp 

^o 

Dividing equations (5.15) and (5-16) by equation (5.14 ), substituting 
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values for r and r from equations {5.12 ) and (5-13) and 
Pa/ Pg/ Pq in terms of conversion from relations (5.17 ) 
relations transform to 


6u 

dx 


u 


1 21 (l=x) 


(5 


and 


dv _ _ , „ T. u 

dx ^2 ^3 21(l=.x) 


V 


^31 (l-x) 


(5 


in which 


^21 

^31 ^ ^ 3 ^^^! 

The solutions of equations (5**18) and(5.19)are given by 


u = 


l«k 


^ ^ (l-x) - (1-x) 


21 


(5 


and 


V 


l=k 


(l=x) -= (l-=x)i + 


31 


F1.F3.k21 


l=k 


21 


^2r^3i 


l“x) ■= (l-=x) 


■<U“X ) 


31 


1-k 


31 




k 


21 


expressing 
, the above 

.18) 

.19) 


. 20 ) 


(5.21) 
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Parameter Estimation 

In the equations (5.20) and (5.2-1) u represents the yield o£ 
butenes and v represents the yield of butadiene. Since these 
parameters were meaaured for all the experiments, it is possible 
to estimate '^ 21 * ^2' ^3 ^31 relevent algebric 

model equations (5,20 )and (5 . 21 ) , The other six parameters in the 
differential equation model (5. 11 ) can nov/ be estimated treating 
it as a single response model. 

The experimental data for the present system demonstrate 
that the responses are highly insensitive to space velocity (w/p) 
changes, in which case numerical integration of equation (5.11) 
does not make sense and at this stage the efforts toward the 
conventional approach for kinetic modelling was abandoned. 

A comprehensive model based on Hougen-=>#atson approach, a 
single site mechanism which incorporates the features of redox 
mechanism, v/as examined. Since the experimental data are highly 
insensitive to the space velocity for the responses (conversion 
and yield), the values of parameters in the developed model could 
not be estimated. The insensitivity of the response with the 
space velocity as observed in this study is not a new finding. 

It has been noted in several selective oxidation reactions f 69, 74] 
The possible explanation for it may be, as some authors [75] 
have pointed out, that chain reaction is initiated at the surface 
of catalyst and propogates in the gas phase thus eliminating 
all mass transfer factors. 



CHAPTER 6 


CONCLUSIONS AND RECOMI'-IEi'^ATIONS 
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The main aim of the present work was to develop a suitable 
catalyst for the single step oxidative dehydrogenation process of 
n-buta ne to butadiene. Accordingly, bismuth molybdate catalysts 
incorporating iron oxide supported on alumina were developed. 

X-ray and electron microscopic studies confirmed that the bismuth 
molybdate catalysts were in their pure p- and y -phases and 
chemical interactions among different constituents were absent. 

H 

Thermal stability studies of the catalysts carried out by calci- 
nation of both p - and phases of pure as well as supported 
catalysts upto 600°C did not show any structural changes. 

'HViiU djiffciM*!' vHAAffua 

The detailed experimental investigations^ indicated p - 
bismuth molybdate with 5 mol per 100 mol I(K) catalyst concentra- 
tion to be the best catalyst. The effect of space velocity on 
conversion, yield and selectivity was found to be insignificant 
over the temperature range and the oxygen to butane ratios stu- 
died in this work. The maximum yield and selectivity of butadiene 
were obtained at the temperature of 450 "c and at oxygen to butane 
ratio of about 1.5. A per pass yield of 7.25 mol % and a 
selectivity of 23 mol % with resptect to butadiene were obtained. 

The combined yield of (butenes + butadiene) was 12 mol % and 
the combined selectivity was 37 mol % under the optimum conditions. 

Hence p “bismuth molybdate with 5 mol per 100 rnol I(K) 
catalyst concentration appears to be highly promising for this 



industrially important reaction 


Recommendations for the Future work 

1. The single step oxidative dehydrogenation of n-butane to 
butadiene may be studied by using a catalyst of lov; surface 
area. i€ith such a catalyst, the space velocity (wr/F) 
variations are likely to provide more meaningful informal 
tions for the kinetic modelling. 

2. The effect of addition of steam to the feed may be studied. 
In addition to serve as a heat sink and as a diluent to 
achieve the desired low pressure benefits; steam is likely 
to suppress the side reactions also. 
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APPENDIX I 

CHEMICAL ANALYSIS OF CATALYSTS 

The chemical analysis of the catalyst was done by the 
atomic absorption spectrometry* This technique makes use of the 
fact that neutral or ground state atoms of an element can absorb 
electromagnetic radiation over a series of very narrow and 
sharply defined wavelengths. The sample, in solution, is aspirated 
as a fine mist into a flame where it is converted to an atomic 
vapour. Most of the atoms remain in the ground state and are , 
therefore# capable of absorbing radiation of a suitable wavelength. 
This discrete radiation is usually supplied by a hollow cathode 
lamp which is a sharp line source consisting of a cathode 
containing the element to be determined along with a tungusten 
anode. 

When a sufficient voltage is applied across the electrodes, 
the filler gas is ionized and the ions are accelerated towards 
the cathode. As these ions bombard the cathode, they cause 
the cathode material to "sputter" and form an atomic vapour in 
which atoms exist in an excited electronic state. In returning 
to the ground state, the line characteristics of the element are 
emitted and pass through the flame where they may be absorbed 
by the atomic vapour. Generally, only the test element can 
absorb this radiation. There fore# this method becomes very 
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specific in addition to being quite sensitive. 

In atomic emission spectroscopy the metal is excited . 
from the energy imparted to it thermally by the flame and then 
as it returns to the ground state it emits radiation at a 
characteristic wavelength. This radiation is then isolated by 
a monochromator and subsequently its intensity is directly 
proportional to the concentration of the element present. 

Preparation of the Standard Solution 

1.0 g of metallic bismuth was dissolved in a minimum 
volume of 1%1 nitric acid. It was then diluted quantitatively 
to a volume of 1;1 with 2 % (v/v) nitric acid to obtain a final 
concentration of lOOOpg/mil bismuth. 

Analysis Me th od 

The standard solution was prepared as discussed above. 

The solution was further diluted and five samples were prepared 
within the linear range of l-i5lJg/mlof bismuth concentration. 

A calibration plot was then constructed as bismuth concentration 
versus intensity of radiation. 

The solution of the test sample (catalyst) was made 
using the same solvent. It was then diluted within the same 
linear range to get four to five sample solutions. These samples 
solutions were used to get different intensities of radiation 
which, with the help of calibration plot, gave the corresponding 
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concentrations o£ bismuth^ in the solution. Since the dilution 
of the test sample was known, the concentration of bismuth in 
the test sample could be estimated. 

Similarly the concentrations of molybdenum in catalyst 
samples were determined. 
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Appendix Ii 
MODEL CALCULATIONS 


Weight of catalyst/ W = 12.80 g 

Corresponding to a desired W/F ratio of 2.50 g/ (mg rnol/rnin)/ 
the total inlet gas flow rate/ F = 12.80/2.50 

= 5-12 mg/mol/min 

3 

Using standard conditions/ 1 cm of gas at room temperature 
( 25°C) and atmospheric pressure corresponds to 0.0409 mg mol. 


Hence F 


5.12 

0.0409 


cm vmin 


= 125.18 cm /min 


The total inlet gas flow rate can be related to the indivi- 
dual gas flow rates by the relation ; 

Ft i_ 'f'F tF., “j? (1) 

butane oxygen nitrogen 

Therefore, 

^ butane ^ oxygen ^nitrogen _ F ^2) 

F ~ F F F 

oxygen oxygen oxygen oxygen 


Corresponding to the ratios of F 


and F /f of 1.6/ Equation 

nitrogen oxygen 


, ^ /f of 0.6 

butane oxygen 

(2) can be written as 


125.18 

F 

oxygen 


0.6 + 1 + 1.6 


(3) 



or 


F 

.oxygen 
From which 

^butane 

F - 

nitrogen 

Total F : 


39.12 cm^/min 

39.12 X 0.6 = 23.47 cm^/rnin 

39.12 X 1.6 = 62.59 cm^/min 

125.18 cm^/min 


Based on the above flow rates, the feed gas composition 
is given by 

Butane (23.47/125.18) 100 = 18.72% 

Oxygen (39.12/125.18) 100 = 31.26% 

Nitrogen (62.59/125.18) 100 = 50.02% 


Dry exit gas analysis (By gas chromatographic and Orsat analysis) 


Products 
Ethylene 
Propylene 
n” Butane 
n“ Butene 
trans“-2“ Butene 
c is ■=■2“ Butene 
1, 3 “Butadiene 
Methane 

Carbon dioxide 
Oxygen 

Carbon monoxide 
Nitrogen 


Composition, mol%: 
0.00 
0.00 
14,04 
0.24 
0.32 
0.32 
1.36 
0.00 
14.66 
10.03 
3.47 
55.58 
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Since nitrogen is an inert gas, a tie balance for nitrogen 
was made . 

Molar feed rate of nitrogen = 5.12 x 0.5002 

= 2.56 mg mol/min 

Molar flow rate of nitrogen is product gas 

= 4.61 X .5558 

= 2.56 mg mol/min 

Hence, for a feed rate of 5.12 mg mol/min the dry exit gas 
flow rate corrosponds to 4.61 mg mol/min. 

Calculatio n s for Results 

Molar feed rate of butane = 5.12 x 0.1872 mg mol/min 

= 0.9585 mg mol/min 

Molar flow rate of butane in product 

= 4.61 X 0.1404 mg mol/min 

= 0.6472 mg mol/min 

mol of butane converted = 0.9585 - 0.6472 

= 0.3113 

mol of net (butenes + butadiene) farmed 

(0.0024 + 0.3032 + 0.0032 +0.0136)4.61 
= 0.1033 mg mol/min 

mol of net butadiene formed 

= 0.0136 X 4.61 mg mol/min 

= 0.0627 mg mol/min 
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Conversion/ mol % 


0.3113 

0.9585 


X 100 = 32.51 


Yield of butadiene, mol % 


0.0627 

0.9585 


X 100 = 6.52 


Yield of (butenes + butadiere), mol% 


0.1033 

0.9585 


X 100 = 10.73 


Selectivity of butadiene, mol % 


0.0627 

0.3113 


X 100 


20.04 


Selectivity of (butenes + butadiene), mol% 


0.1033 

0.3113 


X 100 = 32.99 



EXPERIMENTAL RESULTS 






'•oMDrrTCHS 5*^0 s-:t pdints 

M IM m W W Wft IM M «» M W « W « «W W W *«» 'iw «•« W » W W W « '*W «li* w M' «li NM 
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50.02 

50.-32 

50.02 

T'J FL0W,WS 

9.53 

12.00 

5,-12 

5.-40 

7.31 


1,50 

1,00 ' 

2.-50 

2,0 0 

' 1 ,75 

nKYG^,N:8!JT^MF 

t.67 

. 1.67 

1.67 

1.'57 

5,67 

.MITROGENlOKyGKV' ' 

1.60 

1 ,60 

1.60 

1,60 

1.60 

nuxLFT n'w:!5HTRiiripMs 






FTHYLEVE,! 

0,.30 

0.22 

0,00 

0.-22 

1.05 

PSHPELENE,! 

0.00 

0.'3S 

0.00 

0.00 

0.31 

■H-BUrAME,| 

14.09 

14,i73 

14.67 

1 4 .'-4 8 

14,87 

N-B«XEME,I 

0.31 

0.29 

0.00 

0,-00 

0,21 

TRftMC£-2-B!jrC1^ E', | 

0.31 

0,-29 

0.-32 

0.-42 

0.29 

riF-?-BUrEME,% 

0,31 

0.29 

0.-32 

' 0,-42 

0,42 

1 , 3-8UTADIEME, 1 

1.56 

1,-46 

1.31 

l.<45 

1.31 

’'ETHnNR, 1 

0.59 

3.63 

0,00 

O.'OO 

0.00 

DTOKIDE,! 

12.84 

12.04 

14,-37 

14.25 

14.81 

nxv3"''.-,% 

11.28 

It. -21 

U.-IO 

1 1.-76 

11,15 

mN3XtDS,l! 

2.82 

0.00 

2.-33 

l',<42 

0,00 

«ITR3GEf'i,% 

55.58 

55.68 

55,-58 

55.-58 

55,58 

niJT Fr,'lW,MG '^O.tji/^INI 

7,68 

11,52 

4,61 

■ 

6.58' 

COMVERSi:iM, YrELOrSELECTIYirf 

«lW'ii»W •)«* * ;w • « W «jN 





CDMVERSI3M,i 

32.25 

29.(20 

• 29.-46 

3 0.38 

28.53 

YTELB- BD,% 

7,48 

7.02 

6,31 

S.-95 

6,-3,0 

YIEL8 BUfECS)+30,l 

12.00 

ll.«3 

- 9.39 

11.02 

10,70 

8Et.ECT BD,I 

23.19 

24.05 

21 ,41 

22.-93 

22.07 

BEt.ECT 'RUTECS'UB^vl ■ 

37.21 

3t,4t : 

31.37 

3S’,26 

37,52 



1?5 


^o'lOTi’TDvs iMD s?:t p:5Imi>s 

»'«h « mm'm m^m mm mm m’m m'm mmmmm 


p;jM '10 ■ 

21 

22 

23 

24 

26 

T E M P , * C 

45D.00 

4*50.00 ■ 

455.00 

455,00 

450 .au 

ACTIVE C3MP3^E'JT 

SETA 

BETA 

beta 

BETA 

B ETA 

CSkT' C*OMCrM3D/130 'OL 

7.00 

7.00 

9,50 

9.00 

P.OQ 

r^T 

12.90 

12.00 

12.90 

12..95 

12.80 

BUTft^E 

10.72 

18. .72 

18, -72 

U.'7 2 

18.72 

OXyGEM ;C3N3e| 

31,26 

31,26 

31. .26 

31. '26 , 

31 .26 

HI"fpGK! CONGrI 

55.02 

50,02 

55.02 

55.02 

50.02' 

TM FL’0W,«G' 

B,53 

I2.fi0 

5.42 

6. '40 

7,31 

■v/s-, mJc,./ ' ll '|,) 

1, .50 

1 .00 

2. '50 

2,00 

1 .75 

nxyGFNtBOTH’JE 

1,67 

1.67 

1.67 

l.'6 7 

1.67 

NrTR3GEM:0xy;E\J 

1 .SO 

1.60 

1.50 

1,6 5 

1,50 

n'lrr.iFT r3M?S'! T^i^niMS 


: 




F;FM7rjEiR,% 

D.42 

0..75 

0,-27 

5, '52 

0,93 

PROPEIENE, 1 

0.44 

0.62 

0.00 

5.00 

0.32 

M*»BUTAWE,| 

14.73 

14,02 

14. '84 

14. .92 

14,98 

M-erJI'EME,% 

D.25 

0..22 

5.00 

5. .25 

0.21 

■rRftflGE-2-8'jrSNE,| 

5.30 

0,29 

0.37 

5 . '2 6 

0,25 

'"TS*P-BUFE'^IS,% 

5.25 

0.29 

0.00 

5,26 

0.25 

t ,3-BI.ITAOIEME,^ 

1.45 

1.36 

1,25 

l',.25 

1.17 

” aMF, 1; 

5.87 

1.4 5 

0.00 

5, .00 

0,52 

'-Ar»R1N DTOKIDE,! 

14.10 

15. .31 

14. .99 

15.51 

1'5.'27 

nXVGFM,% 

1 i .62 

9.68 

10,09 

. 1U33 

10,53 

CAPSOW MONOXrOS', is 

5.00 

0.00 

■ l,'9l 

5.00 

0,00 

MTTROGEN,! 

55.58 

55,68 

55,68 

55.68 

■5'5,'58 

OUT FLOW, MG MQLiXMIM 

7,68 

11.52 

4.€t 

5.(75 

■ 6.58' 

ro»JVERsi3N,yTEtsO,,SEt.Ecnyiry 

«• «t Ip «* w W PI IP w » W •• W » ]# m ]«• P 'pi HP ‘PI P JpT )» pf W 





CONVERSION, 1 

29.16 

28.27 

2 8. '53 

23.26 

27,98 

YIELD' R0,| 

S.f7 

6,66 

8.00 . 

S'.OO 

. 5', 52 

YIELD' RUrECSU30,.| 

1 0.81 

10.44 

7, '78 

9.-75 

9,04 

SELECT BD,I 

23,90 

■'23.2I' 

20,94 

21 ',24 

20.09 

SELECT 8UTEC5') flD',,1 

37.08 

36,94 

27.4 9 

■ 31.51 

32.33 



TMf.Ef CO!«Dirip^S ftMD SET P3iwrs 

* w w'liitMwilii mm m'mt mm m'm wIm m*)m mm m m m m m 


PLP! »J0 

25 

27 

' 28 

29 

30 

TEMP,»C 

153.00 

450.00 

450,00 

450.70 

450,00 

ACTIVE CDWP3V€'IT 

SETA 

beta 

GAMMA' 

gamma; 

GAMMA 

CAT CO^JC,M3t./130 *<31. 

9.00 

9,00 • 

5,70 

5,70 , 

5,70 

CAT *?T,G 

12, SO 

12.00 

12.80 

12.70 

12,90 

•■’.iiT-Av’E canC^fi 

18,72 

18,172 

18.72 

19.72 

18.72 

nKTSEK C3AJ'C,I 

31.26 

31.56 

31,56 

31.25 

31.26 

WI'trch C3AiC,l 

50.02' 

50.02 

50.72 

50.72 

50.72 

TSi FriDW^MG 

8,53 

12.00 

5.4 2 

5.40 

7,31 

v/P,C/fMC 'JT 

1,50 

1 .00 

2.50 

2.0 0 

1.75 

OXYGENS B'.TTASiE' 

1.67 

1.67 

1 .57 

1.57 

1.67 

NITROGENSOXYGEY 

1.60 

1.60 

1 .50 

1 .50 

i.so 

n !i T r., p T C 3 '-i C E V T R A r^t 3 N S 



1 



FrMVLF*'E,% 

p.S8 

1.6S 

0.70 

0.70 

0,00 

PROPELSNE,! 

0.40 

0,49 

0.70 

3.7 0 

0,00 

N*BUTAME,I 

15.14 

15. .19 

14.38 

14.53 

14,49 

M-BUrE*5E,% 

0,23 

0,53 

0.70 

3. <21 

0,25 

fRAMCE*2-BUTENEV 1 

0,35 

. 0.53 

0,38 

3.27 

0,24 

'’XS-2-B0TE«S,% 

0.23 

0.53 

0.38 

3.30 

0.30 

1 ,3-BUTA3IEMS,% 

1,17 

1,52 

0.70 

3.7 2 

0,71 

E T H A M E , 1 

0.46 

1.49 

0.70 

7,70 

0,00 

i:nDXl5€,% 

14.93 

14,55 

■ 15.51 

14,73 

14.95 

nX^GEN,^ ■ 

10,63- 

9.42 

10. 5 7 

9,32 

9.17 

CARBTf.. HirnKIDE:, 1 

0,00 

0,00 

2.30 

4,34 

4,31 

MI TRIGEN, % 

55,59 

55.68 

55,58 

55.58 

55,58 

HUT o’UlWrMG 

7.68 

11.52 

4.61 

' f.f §'■ 

■ 6,58 

c 3 M V E R 5 1 3 N , Y t E UO , S sp EC r I V X T Y 

W w ««• w m'mmrnmm m'm m)m m}m m'm mV- "Wf# 





COMV£RSnNl,l 

27,23 

26,97 

28,47 

30,4 2 

30.35 

YIELD BD,I 

5,61 

5.68 

3.38 

3 •, 4 6 . , 

3.40 

YIELD aurE(S)'>-30,,l 

9,49 

9.52 

7 ,76 

7, <20 

7.20 

SELECT BD,I 

2 O', 59 

21,59 

11, 58 

It. <4 7 

11.21 

SELECT B’JTECS) tSD',! ' 

3 4. 95 

34, te 

24.81 

23',«9 

23,71 


1 36 



T'jr.Ef coMOTrro'JS S5 ;t punts 

m'm mm (kiJ* ftjwV w m'm wlw m’m rn'mmmm 


PUN NO 

31 

3 2 

33 

34 

35 

T 0 M P , ’t' C 

450.00 

450.00 

450, 30 

453,00 

450,00 

ACTn^e coMP3'ieNr 

3AMMA 

GANVfA 


lA'A'AA 

GAMMA 

CAT 2OMC,M0[i/;150 '^3ti 

5,00 

5.00 

10.30 

13,00 

10,00 

CAT ’slT,G 

12,80 

12.80 

12. 30 

12.-0 0 

1 2.8u 

BUTANi: C3NC,I 

18.72 

18.02 

19,72 

10,-7 2 

18,72 

nxVSEN COMC^I 

31.26 

31,26 

31,26 

31.26 

31 .26 

NITRGN C3NC,I 

V 

50,02 

50.02 

50,02 

50.02 

50.02 

TN FLOWING 

8,53 

12.80 

5,12 

5. -40 

7,31 

••'’/F, G/(MG. M0[,/'«I'J) 

1 ,50 

1.0 0 

2,50 

2.-30 

1.75 

DKYGENjBUTANF 

1.67 

1.67 

1.57 

1,57 

1.67 

NITROGEN: OKYCE'J 

1 ,60 

1.60 

l.'SO 

l.-SO 

1,60 

CUT[,FT nt^CENTRAriONS 

'1 





FTHYf..F.Ne,% 

0 , 2.6 

0.26 

0,00 

0,i3'9 ■ 

0.00 

PRDPEl,ENS,l 

0,00 

0,3 2 

0.00 

o.-oo 

0,00 

N*BUTANE,% 

14,39 

14.74 

13.48 

13’.70 

13.70 

W»8U,TENE,% 

0,21 

0.25 

0.00 

0.29 

0,20 

TRANCE»2*BUrENS>l . 

0.29 

0.25 

0,30 

0.24 

. 0,22 

CI5-2>-8UTENE,l 

0.2i 

0.25 

0.30 

0.28 

0,33 

1 , 5-BUTA?>IE.NE,% 

0.69 

0.<7 2 

0.38 

1,0 8 

1,13 


0,87 

1.4 0 

O.DO 

0,00 

1.17 

rApe”>w oroYio-Eti 

14,64 

14.64 

14.46 

14,62 

14,42 

nxyGFN,% 

8,87 

10.78 

5,36 

1,39 

'7.96 

CARBON «0N3KI0£,,I 

3,99 

KID 

8,66 

5,43 

5*'30 

MITROGFN,! 

55,58 

55.68 

55.68 

'55, «i 

55', 58 

oaT' ri40w,HG' »^0G/'«rw 

7.68 

11.52 

4.61 , . 

' ■ 5,f8: 

6, St 

CONVERSION, ^J E LO^r S E L EC n VI ft 

m m m m m'm m m mm m'm m'm tp V ip |«p V iw W pa |i» wIp w 





CONVERSION,! 

30,80 

29.41 

35.21 

34,44 

34,14 

YIELD BD,I 

3.33 

3.47 , 

4.-70 

5.21 ' 

5, '4 4 

YIELD' 0UTBC55 + BD,* 

§,'74 

7*41 ■ 

7,-55 

9.4 0 

9.0 3 

SELECT 80,1 

10,81 

■■ 11, #.2' ' 

13..3'5 

15,25' 

15,93 

SEtifiCT BUTECS)fB>,i 

21.88 

?4,89 

21.44 

2S,66' 

26,44 


n? 



T''ir,fcr fD^iDT f TOMS AMO SST POIMTS 

mmmm mmmmmm mm mm m'm m''m mW m'm m‘m mmmmrn 

1 1 s 


p;jM MO 

35 

37 

38 

39 

40 

TEMP,*r 

A5!>.f>0 

450.00 

450, DO 

450.00 

450,00 

ACTIVE CDMPOMEMr 

GAMMA 

gamma 

gamma 

GAMMA 

gamma 

CAT COMCr^iaii'lO.O '<3{. 

ID, 00 

10 . oo 

15,00 

15.-00 

3 5,00 

CAT -^T^G ,, 

12.fl0 

12,80 

12.80 

12.-9 0 

12,80 

PUTAME C0li'C'*| 

18.72 

18,(72 

18,-72 

19.-72 

18,72 

OJCfSEAl ClNC/t 

31.26 

31,26 

31.26 

31.-2 6 

31.26 

WITRCM C0NC,l 

6D.02 

50.02 

SO. 02 

50. -02 

50.02 

TM FtjO«,MG MOL/MT'M 

B.B3 

12,80 

5,42 

5.40 

7.31 

W/'=’,';/CMG MOCi/MIM) 

1.50 

1.00 

2.-50 

2,0 0 

1,75 

OXTGENtB'JTAME 

1.67 

1,67 

1.-S7 

1,67 

1.67 

MlfROGENlOKyCEM 

1,60 

1.60 

1.-50 

1.60 

1.60 

n’JTL«*T CIMCEMTPATIO^JS 






ErHytiEME,! 

0.41 

0.63 

0,-00 

0,00 

0.00 

PROPSLENE,! 

0,32 

0,45 

O.-OO 

0,00 

0,00 

N-BUTAME,% 

13.24 

13,63 

13, -55 

13.60 

13,43 

M-B-UTE.ME,% 

0.24 

0.22 

0.-19 

0.<25 

0.00 

■rRAHCE-a-BtlTENE, I 

0,24 

0,i30 

0.-37 

‘3,(25 

0,30 

CIB-?-BlJTEME,.l 

0,24 

0.30 

0.«28 

0 . (3 4 

0,38 

1 , k-putaoiej^e; i 

1.09 

1.08 

1 .(21 

1,22 

1,28 

’’ETHANE,|' 

0.90 

1.69 

O.'OD 

0,00 

0,81 

CARBOfi nTOKIOE^I 

15,25 

14, ei 

14,63 

14,26 . 

13,87 

OXTGEf>l,% 

7,47 

9.S7 

8,-33 

7,«1 

7,64 

CAPBOH MOMOJCTDE, 1 

5,02 

2.23 

5.-87 

S » 69 

6,63 

MITROGEN^I 

5 5. -5 8 

55.68 

55,(58 ' 

55.68 

65, «t 

OUT EOnw^MC 

7.68 

11,52 

4.61 

5.25 

6,58 

COM V ER 5 1 3N , If I E tiO , SELEC fl if I Tf 

mt m m m mm mm m'm m'm pi'm » W w W «» W »|i» 'w • 





CORVERSICN,! 

36.35 

34, <4 8' 

34, .35 

35,40 

35.44 

TIELO' BD,| ■ 

5,24 

5 ,C 9^ ' 

5.-81 

5.68 

6.16 

TIEliO BUTECS) + B!5,,I 

8.78 

9.48 

9. .84 

9.#3' 

9.83 

SELECT B0,l 

14,43 

15.06 

16. <91 

llVi76 . 

17.38 

SELECT B'JTE'CS-)<-BOvl 

24,14 

26^62 

28, *54 

■ 28,28 

27,73 



139 


TMLET CQ'^OT.rrO'I.S ftMO SEf PDIMTS 

M W W M «W W «» IW MV 'll* «> « W W « W > ^ 'lip 'p» «l W 4» ^ W « «l 


PUN NO 

41 

42 

43 

41 

45 

TEMP,*C 

450.00 

450.00 

450.00 

450.-00 

450.00 

ACTIVE COMPOVENT 

GANMA 

gamna 

GA«MA 

ga«iha 

GAMMA 

CAT CONC,MOU/!lOO '<tDL 

15.00 

15.00 

20.00 

20,00 

20.00 

CAT 4f,r»' 

12. RO 

12. eo 

U..80 

12. <8 0 

12,80 

J'UTANE CONCfl 

18.72 

18.72 

18.72 

15.-7 2 

18.72 

OXTGEM CONC,| 

31.26 

31. C6 

31,26 

31.-26 

31.26 

WITRSN COMCrl 

50, OJ 

50.02 

50, .02 

50,-02 

50.02 

TN rtiOW.NG «OL/'NtM 

8,53 

12.00 

5, .12 

5,40 

7,31 

w/r,3/CM3 WQU/'^IN) 

1.50 

1 .00 

2,50 

2.-00 

1,75 

OXYGEMsBUTANS; 

1,67 

1.67 

1,.57 

1,67 

1,67 

NITROGENS OXYGEN 

1.60 

1,60 

1.-50 

1 , 'S 0 

1.60 

nUTUET CONCENTPAriONS 






ethylene, % 

0,00 

0.63 

»,.oo 

0,00 

0.00 

PRQPELENE,! 

0.00 

0.62 

0..00 

0,-00 

0,00 

N-BUTftMErl 

13.34 

13.47 

15,-26 

13,-83 

14.07 

N-BUTENE,! 

0.42 

0.S5 

0.'25 

0,-25 

0.25 

T8ANCE-2-BUrEMEir 1 

0.33 

0.62 

0.-36 

0.-25 

0.32 

crs-?-RurENg,.% 

0.33 

0.32 

0,-36 

0,32 

0,22 

1 ,3-8UTAOIESE,l 

1.12 

t.so 

1..12 

U‘15 

1.20 

methane, 1 

0.80 

0.99 

0,-00 

0,-00 

0.80 

CARBON DTDXIOe,% 

14.28 

15.43 

15,-52 

14, <92 

14,49 

OXYGEN, % 

7.88 

9.62 

11,-57 

8,62 ■ 

9,37 

CARBON MONOXIDS:,! 

5.92 

1 .60 

0,-30 

S,'38 

3,71 

NITROGEN, % 

55,58 

55.68 

'55,-58 

ft M -ilS' # 

3 “H w * 

' 'BSwOB 

OUT FLOW,MG^ MOLi/'SlN 

7.68 

11.52 

4,61. 

5.75 

6,58 

CONVERSION, Y IE LO>SEi.ecri VI ry 

’ M i» MW M MP IW NM « « w • ]•• • j» t,» W W'lipi Apjw 





CONVERSION,! 

35.85 

'os.cs 

26,-55 

33,49 

32,37 

YIEGO'‘BO,% 

5.40 

5, OS 

5,-39 

■ 5,53 

5,75 

YIELD BUreCS) + BD-,l 

10.62 

9.(99 

10. -01 

3.45 

9,53 

SSliECT BO,l ■ 

15.07 

16. B'O 

20,-24 ■ 

15*51 

17,75 

SELECT 0UTE'(S')f8O',.| 

29,61 ■ 

28.33. 

37,-57 

21, *21 

29,44 



1 40 


TML&T CO'JOiytrJMS i^'iO SST P3IHTS 

m m m m m m m m m'm m m mm mjm m'jm m 'm m m m m 'm 


RUfJ MO 

46 

47 

48 

49 

50 

TEMP,*C 

455.00 

450,00 

450.00 

450.00 

450.00 

ACTIVE GOMPOMEMT 

gamma 

gamma 

BT2/03 

B12/33 

BI2/D3 

CAT COMC,M0L/100 MDb 

20.00 

1.6 0 

1,50 

I .50 

1,50 

CAT i<'T,G 

12.80 

12.80 

12.80 

12.80 

12,80 

BUTAMi^ CONCtI 

18.72 

18.t7 2 

18,72 

13,72 

18.72 

OXTGE^i CONCrl 

31.26 

31,26 

31.26 

31, <26 

31.26 

MITRSM COMCri 

50.02 

50,02 

50,102 

50.-02 

50.02 

IM FLOW, MG M3L/MtM 

8.53 

12.60 

5.12 

5,40 

7.31 

W/F,G/(M3 M3L/MIM.) 

1,50 

1.00 

2.50 

2.00 

1.75 

OKYGENsB'JTAME 

1.67 

1.67 

1.57 

l'.57 

1.67 

NITROGENS OKiTGEM 

1,60 

1.60 

1,50 

1.-50 

1.60 

OUTLET COMCEMTSArlONS 






MM «» «M MU m'm mm mm mmm'm wt ]• w [<*i ;»■ Jw m' 






ETHTLEME,! 

0.31 

0.47 

0,00 

0*00 

0,0.0 

PROPELENE,! 

0.00 

0,64 

0.00 

0,00 

0,00 

N-BUrAMC,% 

13.65 

13,64 

15.32 

15,55 

IS, SO 

N-BUTEME,I 

0,36 

0,22 

0,00 

0,00 

0,28 

TRANCE*2-BlJrENE;, % 

0.48 

0,32 

0.51 

0,45 

1 0,28 

CIS-2-§UrEME,% 

0.00 

0,32 

, 0,51 

0,49 

0,28 

1 , 3-3UTA0lEMS,l 

1.22 

1.47 

0.73 

0,75 

0,78 

wETHANE,! 

0.87 

1,42 

O,<0O 

0,00 

0,00 

CARBON DI0)CID€,% 

14,36 

13.47 

14,45 

13 ’,68 

13.76 

OXYGEN, % 

8,68 

10,39 

12,43 

12, '92 

12, '54 

CARBON M0M3XIDE:,I 

4,50 

,2.27 

0,47 

0,69 

1,02 

NITROGEN, 1 

55.58 

55,68 

55,5a 

SS:-,## 

' 55,58 

OUT rL0W,N3. MOL/MfM ' 

7,68 

11,52 

4 , 6 1 ■' 

5,75- 

6,58 

CONVERSION, If IE LO>.SEL'ECTIVI,fX 


' , ^ 



«• «M» M '■# w "ii mi 'm tm 'mt w W m W m ^ ,w w |mi m mm 

mctm 





CONVERSION,! 

34.36 

33,46 

26.34 

25.'26 

25.50 

YIELD 8D,% 

5.86 

5.4 2' 

3.49 

3,60" 

3.75 

TIELD^ §UTECS)4'90',! 

8,91 

9,177 

8,40 

8.41 

7.73 

SELECT BD,| 

17.06 

16,f8 

13,-26 

14,06'' 

14,72 

SELECT BUTECS'UB.OvI 

28*85 

2f'.41' 

31,90 

31, to; 

30.33 
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I Nr,!;:? cnvDi rro'JS 4 '^d set pdimts 

m m mm mm mm mm m'rnm'm m'fm mm w|^ m'p m'mtm mm m'm 


RUN NO 

51 

52 

53 

54 

55 

reMP,*c 

450.00 

450.00 

400,00 

400.00 

400.00 

r^CTIVE CaWPONgNT 

BI2/03 

312/33 

BETA 

BETA 

BETA 

CAT CONC,«OL/:i30 

1,50 

1.50 

5.00 

5,00 

5.00 

CAT iifr,G ' , 

12,80 

12,00 

12.30 , 

12.90 

12.80 

BUTANE CONCVI 

18.72 

18,72 

40.25 

40.25 

40,25 

OXTSEN C3SC,| ^ 

31,26 

31.26 

22,98 

22.-98 

22.98 

N1TR3N C0NC,| 

50.02 

50,02 

36.77 

3 5.77 

36,77 

TN rtiOW,MG MOU/Mt'I' 

8,53 

12.00 

5,12 

5.-59 

6,40 

W/F,G/CM3 

1.50 

1.00^ 

2.50 

2.-25 

2.00 

DXTGENIB'JTANS 

1.67 

1.67 

0.57 

0.57 

0,57 

NirR3GCN:QX)fGeN 

1.60 

1,60 

1.50 

1.-50 

1,60 

OUTLET CONCENTRATIONS 






EIHyLEME,! 

0,00 

0.00 

0,00 

. 0,00 

0,00 

PROPCLENE,! 

0,00 

0,00 

0.00 

0,00 

0.24 

N-8UrANE,| 

15,15 

15.70 

39,47 

33..3.1 

39,28 

N«BurENe,% 

0,31 

O.Cl 

0.31 

3.21 

0,00 

TftAMCE*2-BUTENS;,| 

0,31 

0.38 

0.36 

0.22 

0*37 

CIS-2-BUTENE,| 

0.31 

0.38 

0.36 

0.6 6 

0.59 

1 ,3-8UTAOIE'NE,vl 

0.71 

0.72 

0.36 

5.75 

0*84 

METHANE, 1 

0,00 

0.00 

0,00 

0.00 

0,75 

CARBON D I OK IDE, % 

14,74 

13,37 

7,99 . 

7.62 

7.95 

DKyGEfi,% 

11,62 

13,39 

■ 4,35 

3 '.4 3 

4*01 

CARBON HONOKIDS;,! 

1,26 

0.27 

5.45 . 

7.44 

5,4 0 

NITROGEN,! 

■ 55,58' 

55.69 

40#36 

■■ 49«66 

40*«'6 

OUT PLOW, MG. MpLiKMIN 

7.68 

11.52 

4,6'1- 

5.42 

'5,76 

CONVERSION,yrELO,SELECriyiTy 

i# .M «• « iiii iw m m m‘m m^m m]m m |«i* p V m W ill irk |iH 





CONVERSION, t 

27.18 

24,63. 

11.73 

12*40 

12.17 

YIELD BD,% 

3,42 

3 

1.93 

1 69 

1.88 

YIELD BUTECS)+8D,I 

. 7, §5- 

8.43 

4,22 

3-..90 

4,04 

SELECT BD>I ' 

12*59 

14.09,.; 

16 ',45 

I3v90 

15,48 

SELECT BUTECSOfBDvl ■ 

29,24 

33,44 

35,98 

32*26 

33.18 
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T^LEr rOMOTTID^S ftND S!:T P3IWTS 


RUM MO 

55 

57 

59 

59 

60 

TEMP,*C 

4OD.00 

400,00 

400.00 

400.00 

400.00 

ACTIVE CDMPUME'Jr 

SETA 

BETA 

BETA 

SETA 

BETA 

CAT :OMC,MDli/iaO 431;, 

5,00 

5.00 

5.-00 

'S.-OO 

5,00 

CAT ^T,G 

12.80 

12.80 

12.-30 

12,-3 0 

12.80 

ftUlA««E COMCVt 

40,25 

40.25 

32,47 

32.47 

32.47 

OXTSEtH CQNC,| 

22.98 

22,03 

25,-97 

2 5.-97 

25.97 

HITRSN CDNCrl 

36.77 

36, .77 

41.-56 

41.66 

41.56 

TM Fl,0W,4G M3L/MI'4 

7.31 

8.63 

5.12 

5.-59 

6.40 

G/-f M3., 

1.75 

1,60 

2.-50 

2.-25 

2,00 

OXYGENiBUTAME 

0.57 

0.67 

0.-80 

0.-9 0 

0,80 

NITROGENS OKIGEM 

1.60 

1. ,60 

1,-50 

l;.-50 

1,60 

nUTtjET CONCEMIRATIONS 






ErHyL.EHE,% 

0,21 

0,48 

O.fOO 

0.00 

0.42 

PROPELENE,!' 

0.30 

0,6 0 

o,.oo 

9.00 

0.70 

N*SlJrANE,| ' 

39.57 

39.27 

29,-84 

30.21 

29.42 

N-BUTENE,% ■ 

9-19 

0.00 

0,34 

0.00 

0,25 

:TRANC.E«2-BUrSN5:, 1 

0.45 

0,44 

0.-54 

0,61 

0.47 

CI5-2-BUTeME,| 

0.52 

0,44 

0.34 

0.45 

0.19 

1 ,3«9UTAD'IENE, 1 

0.74 

0.f76 

0.-73 

, 0.-39 

■0.86 

METHANE, 1 

1.48 

0.71 

0.30 

5.00 

2,63 

CARBON DTOKnE,! 

B.14 

7.48 

9.44 

3.-70 

8,55 

nKy3r.fv% 

5,48 

4,66. ' 

4,32 

5.-94 

4.92 

carbon MONOKIOS, I 

2,08 

4.31 

7,-97 

7.-11 

5,40 

NITROGEN,! 

40,86 

40.66 

4 6, 48 

4 6', 48 

48.18 

OPT FLOW, M3 MOL/MIM 

6.68 

7.68 

4,61- 

5,4 2 

5,78 


c 0 « V ER s I :) N , If t E Lo , 3€{j cc ri VI r y 

M» «ik«p «* m'rnmm mm m'm m'm m^m *• j* ;«i '»* mW 


CONVERSION,! 

11.51 

12,49 

17. -27 

' 1S.'24 

18.46 

flELO BD,% 

1.68 

1,71 

2,01 

2,47 

2.39 

YIELD' 8UTECS) + BO,% 

4.24 

3,6S' 

5.42 

5.«4- 

. 4.92 

SELECT BD', 1 

14,42 

14,01 

11,65 ' 

15.20 ' 

12.95 

SELECT 8UTCC5'3fBO',,| 

36,83 

29.«8' , 

■31,37 , 

32.-24 

' '26. 65 
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INLET CONDirrp'JS 410 SSI P3IMTS 

«M rti «» iW M •« fW MW «« W l» W W M IV W «•> W V 'w tM ’Ml’ « pi «P W «■ W M M •• w «» 


PUM MO 

61 

52 

63 

64 

65 

TE*»P,*C 

40D.OO 

400.00 

400.00 

403. DO 

40D.00 

RCTH^E C3«4POME‘fr 

aeiA 

BETA 

beta 

3ErA 

BETA 

r.hf J!,0MC,K0L/13a ^ 3 L 

5.00 

5.00 

5.00 

5.03 

5.00 

CAT i»fT,G ■ , ■ 

■ .U.80 

12, <80 

.12. *90 

12.30 

12.90 

RUTAME C9NC,i 

32.47 

32.47 

27,78 

2 7.73 

27.78 

nXYGCr^i CDMCrl 

A'?-’ 

25.97 

25,97 

27.78 

2 7.78 

27,78 

filTRGK C1:V3,I 

41.56 

41.66 

44.44 

4 4.44 

■ 44.44 

TM FL0M,WG 

7,31 

e,63 

5.12 

5.40 

7.31 

w/P, G/f MG. '‘■QL/MXM.) 

1.75 

1.60 

2.. 50 

2.-3 0 

1,75 

nXyGENtBUTfiNE 

0.80 

0.60 

l.'OO 

1.-30 

1,00 

MITRDGENIOKXGEM 

1.60 

1.60 

l.'SO 

1 .'50 

1,60 

OUTLET nONCEMr^ArnNS 






ErHytiE^!E,i 

0,37 

0.23 

0,37 

0,-37 

0.45 

PROPELENE,! 

0,00 

0.i3 3 

0..00 

0,43 

0.00 

M-BUTAMErl 

25.69 

29.61 

23.-97 

2 3,-58 

23,18 

f3«fjUrEMEr% 

0.00 

0.21 

O.'OO 

0,-00 

0.22 

fRftNC£-2-BUIENE.rl 

0.73 

0,42 

0.33 

0,37 

0.17 

CIS-2-BUTEME,S! 

0,34 

0,42 

0..33 

0.37 

0,41 

1 ,3-BUTA0IE:ME,I 

0.70 

0,98 

0.77 

0.-78 

0,86 

*’ ETHAME, 1 

3.50 

0.92 

O.'OO 

0.-99 

1.39 

f'hPBOn DIOXIDE, % 

8.17 

9.119 

10, <28 

10,49 

9,80 

OXYGEN, % 

4.26 

5.31 

3,76 

,3'.'70 

2.14 

CARBON MONOXTOS;, 1 

6,06 

6,22 

10,(79 

■ 9,62 

11,99 

MITROGEN,! 

46.18 

46 .48 

49,38 

49,38 

. 49,38 

OUT FLOW, MG MOLiXMI'M 

6.68 

7*68 

4.61 

5,75 

6 ,'5 8 

CONVERSION, TIE LtOrS’SLECri Yiry 

M* « fM 4» m‘m mm m'm m’m m'm rnyii w W ]«» '«• wW mIhi' '«|iip 



■ 


CONVERSION,! 

^7.71 

^ 17 ,92; 

22.32 

23’,Sl 

24.90 

YIELD BD,% 

1.93 

, 2 ',2 3 

2,49 

2,33 

2.80 

YIELD BUTE(S)+30,I 

4.90' 

5*6i" 

4,65 

.4,95 . 

5.40 

SELECT B0>l 

10.91 

' 15.23 ■■ 

ti.ds 

10.71 

11,24 

SELECT 0UTS(5'3f8D-,,| 

27,67 

. 31*i9' 

20. «3 

20,99 

21*68 



T'vf.er ru'JDrrro'is set piimts' 

M iw «i iw w w « m «w W M 'tar '•» W Mr W Ml j« ]iiw ’«<» w W w jw ii» jw «> W M M i» »» •» 


RIJM no 

66 

57 

68 

69 

70 

TE^p,*r 

403.00 

430.03 

403,^30 

403.00 

400.00 

ACri\fE CDMPDNfE^r 

SETA 

BETA 

BETA 

3ETA 

BETA 

CAT COfIC,M3ti/150 

5.00 

5.00 

5.00 

5.00 

5.00 

CAT *lffG 

12.80 

12.80 

12. 80 

12.30 

12.80 

BUTASE CMCrt 

27.78 

27.i78 

22, .83 

22.33 

22.83 

oxyss!^ cns\i:/i 

27.78 

27. .7 8 

29,68 

29.68 

29.68 

»?ITR3N CDN'Crl 

44,44 

44.44 

47,49 

47.49 

47,49 

IS F[,OW,MS M30>':MIS 

B.53 

12.60 

5,12 

5,40 

7.31 

w/p^S/CM'; y3tj'/'<is) 

1.50 

1.00 

2,60 

2.00 

1,75 

OXyGEN:B'JTft.'iE 

t.OO 

1.00 

1.30 

1.3 0 

1,30 

NITROGENS OK nes 

1.60 

1.60 

1.60 

1.60 

1.60 

Oari.FT CONCESTRATIOMS 

ErHycjENF.,% 

0,55 ■ 

0.67 

0.00 

0.34 

0.38 

PROPEtiENE,! 

0.47 

0.62 

0.00 

0,00 

0,00 

N-BUTAME,! 

23.37 

23.60 

17. .73 

17,97 

17.91 

N-BtirEME,% • 

3,26 

0.00 

O.'OO 

0,41 

0,00 

TRASCE-2-B'irSMSi, 1 

0.30 

0,37 

3,27 

0.22 

0,34 

riS-2-eiUTBSE,|; 

3.22 

0.37 

0,27 

3,30 

0.34 

5 ,I-BUTAOIESEVl 

3.81 

0,07 

3.30 

0,'71 

0,75 

'1F.THANE, 1 

1.42 

2,4 0 

0,-30 

0*00 

0,86 

CAPBON DTOKrOEf.l 

13,58 

10,30 

11,29 

, U-,49 

10.84 

OKIGEN ,% 

3,52 

4.41 

2. -99 

4.23 

4 ill 't 8 

CAP0ON monoxide:, 1 

9.12 

7.00 

13.37 

11% '7 9 

1 i '6 4 

NITROGEN,! 

49.38 

49*38 

52.77 

52.-77 

52.77 

OUT FLOWING 7*68 

CONVERSION, yiEL,o>SEijEcriyiry' 

m m m m m^'tm m‘m m'm m)m » W i* W ;w '«• «» » w |«» «• W 

11.52 

4.61 

5.i78 

6,58 

CONVERSION,! 

24, 28 

23,64 

30. M 

29.47 

29,39 

yXEUO BD,% 

2.63 

2-.48 

3.15 

,2-,»7 9 

2*94 

yiEt^O BUrEC5)t30,l 

5,15 

, 4,00 

5.32 

',-5. 66' 

5.64 

SELECT BD>! 

19,84 

10.64 

19,48 

9.67 

10.00 

SELECT BUTE'CS') TBOvI 

21.19 

20.60 

,17.65 

19,06' 

19.20 


144 



TMLEf co'iDxrta'is ssir pdinis 

m m m m m'm m m mmm m m'm «W m\m ^’m m m m\m m'm ¥ii m m 

14S 


PU^i MO 

71 

72 

73 

74 

75 

T£MP,>t'C 

40D.OO 

400.00 

400. .00 

400. '0 0 

400.00 

ftCTIME COMPOMEMT 

SETA 

9STA 

BETA 

BETA 

BETA 

C&T COMC,M3U/’1DO VIOL 

5,00 

5.00 

5,-50 

5,00 

5,00 

ChT 4T,G ; 

1 2.R0 

12.60 

12.60 

1 2.-8 0 

12,80 

8UTAMf,.^C.3N:C.Vt 

22, e3 

22.63 

19.72 

13.-72 

18.72 

OKySEM C0MC,l' 

20,68 

29,68 

31.26 

31, -2 6 

31.26 

COMC.,?! 

47.4 9 

47,49 

50,02 

55.-02 

50,02 

TM FLQW,'1G WOtj/MlM 

3,53 

12.60 

5.12 

5.59 

6,40 

■^VF,3/(HG: 

1,50 

1.00 

2.50 

2,25 

2.00 

OXyGEMj BUTi^MS' 

1.30 

1.3 0 

1.57 

1,57 

1.67 

NITR0GEN:0XyGE^ 

1,60 

1,60 

1,50 

1,50 

1 . 60 

nUTLFT C0MCEMrR\r'I0NS 






erHycjEME,% 

0,47 

0,00 

O.-OO 

0.00 

0.27 

PRDPELENE,! 

0.41 

0.68 

0.-50 

0.-50 

0,00 

N-8UrRME,% 

17,45 

17.09 

14,73 

14. -98 

14,45 

M-auirEMe,% 

0.00 

0.00 

0.-21 

5.22 

0,12 

.,rftftMce»2-BursMSi,i ' 

0.40 

o.ai 

0.21 

5, -2 2 

0,24 

ris-2-aurEME,.i 

0.22 

0.01 

D.21 

0,25 

0,2 4 

1. ,'j-butaoiemb:, 1 

0,86 

0.7 6 

0.0:9 

0,-31 

0.50 


0,37 

2,20 

0.<00 

O.-OO 

0,80 

niQXXD€,l 

11,82 

11.99 

13,76 

13.29 

13,93 

OXYGEN, % 

3,89 

5.04 

8.45 

9,-16 

8,13 

CARBON MOMOXTDSrIi 

11.33 

8.05 

6,48 

S',99 

5,74 

HITR0GEM,% 

52,77 

52.77 

55,60 

55,68 . 

55,68 

OUT n,0W,MG.' YOLt/'^IM 

7,68 

11,52 


5,42 

6'*'76 . 

C 0 M M ER 5 1 1 M , Y I E [,0 > S'EIEC XI Y1 TY 

W ii *• ini '(Hi 'K* 'IW i» mil ^ 1** ^ fP 


' 



COMVERSION,t 

31.20 

29.09 

29.16 

27.(98 

30.54 

YIELD 8D,% 

3,41 

3.01 

‘ 1,06' 

1..60 

2,40 

YIELD B0?ECS) + 3D>.I 

5.89 

5,47 

4.04 

4,-30 

5,28 

SELECT 8D>| 

i0..9'3 

10.04 

6*09 

5, <37 

7.84 

^ 'SELECT B'JTE'CS') 

18.86 

18.61 

~ 18,<5;,9 

17,47 

17,28 
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T'ir.GT CD^JOrnOMS 4MD SST 

wpwwwMMlitwwiM m'm mm rn'm m]m'mm m'm m}* m'lm mrnmmw m m 


PUM MO 

76 

77 

7 8 

79 

BO 

TSMP,»(C 

403,00 

490.00 

400,-00 

400,00 

425.00 

ACTH/e CDfMPDMCMf 

SETA 

BETA 

SETA 

3SrA 

BETA 

CAT C0MC,*M3L/11D0 'lOL 

5.0D 

5,00 

5.00 

5.0D 

5,00 

CAT ''iiT,G 

12,80 

12.80 

12,30 

U.'SO 

12,80 

Bij-fAMf; CDMCfl 

18.72 

19.72 

18.72 

13.72 

40.25 

OXTSSS .C3MC,| 

31,26 

31.26 

31,26 

31.26 

22.98 


50,02 

50,02 

50.02 

5 0,02 

36,77 

TM. FLOW, MG MDli/MTM 

7.31 

8.63 

12.-30 

2 5.60 

5,12 

'a'/p,G/(M 3 MaL,/MlM) 

1.75 

1.61) 

1.00 

0,6 0 

2,50 

nXTGTMjB'JTAMS 

1,67 

1.67 

1.57 

1,6 7 

0,57 

MITROGCNtOXyCCM 

1,60 

1.60 

1.60 

1 .60 

1.60 

COMGEMr^ATIDf^S 






Fl’M-fLEME,!, 

0.31 

0.27 

0.60 

0.52 

1.37 

PRDPEf.EfJC,| 

0.42 

0.61 

0.45 

0.00 

0,00 

N-BUTAfiErl 

14,78 

14,40 

14. .92 

14,63 

38,95 


0.22 

0.26 

0,.23 

0.21 

0,32 

fRAffCe-2-'8lirSNS> 1 

0,2 2 

0.48 

0..36 

0.21 

0.47 

ri5-2-BureMS.i 

0.22 

0.48 

0,46 

0,21 

■ O', 32 

1 , 3-3UTA0ISME, i 

0,46 

0.39 

0,-39 ^ 

0.46 

1.52 

■1ET^^ANF,I 

'0,42 

3.41 

1.9,4 

l.'34‘ 

0,00 

CA'JBK'i DIDMIOC,! 

12.29 

, 14,64 

13.(50 

14.26 

7.66 

0KT3E!'i,% 

10.07 

8.03 

11.20 

8, €7 

' 6.36 

CAf?S3iM s^ONOKrOE, 1 

'5,01 

1.26 

0.78 

3^.72 

2-#:19 

MITROGEtM,! 

55,58 

55.68 , 

55,.5t 

55,58 

v40-.86' 

OtlT FLOW^MG^ MOt/MiM 

6.68 

7.68 

U.62 

23.04 

4.61 

C 0 p V ER S n s n E LO , 5EL EC Tl IT Y 

wwiniii Mil Mtk'mw mm ••» **«* m'm »|i»» •l^|■i'^ll*l‘ll#^ilW •||ii #!')*• 





COMVERSIDM,! 

'28.96 

30.79 

28.27 

29.64^ 

12,91 

YIELD BD,I 

2.23 

use 

! .97 

2.20 

3,40 

YIELD BUTE(S) + 3:D',.I 

5.39 

4, <85 

. 5,93 

■ 5.47 

5.87 

SELECT 'B0>l 

7^.69^ 

6,06 

6,61 

'7.41 

26.33 

SFf.fiCT BDTECSDtBDvI 

. 18.62 

i-W,M 

24.61 

17..43 

45.51 
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T'«,Er co'iDtrrovs md'sst pdints 

mrnm m m'mmm mm m m mm m]m m]m'm m m'm •»)» wW mm mmm m m 


p;;|M i|0 „ 

31 

82 

83 

84 

85 

TEMp,*c 

425.00 

425,00 

425.00 

425,00 

425,00 

ACTIVE CCMPO'JSMT 

SETA 

BETA 

BETA 

3ErA 

BET^ 

CAT COMC,M3U/:1DO ''OD 

5.00 

5.00 

5.00 

5.-00 

5.00 

CAT »T,G 

12.80 

12.00 

12.80 

12.-5 0 

12,80 

RUTAME CONC^t 

40.25 

40.25 

40.25 

40.-25 

40.25 

CKTGE.M CCMCrI. 

22.98 

22.-96 

22.08 

22,-98 

22,98 

^;ITf?C« C3NC, 1 

36.77 

36,07 

36, -77 

3 5.77 

36.77 

TN FDOM,^^ 

5.69 

6.40 

7,31 

3. -53 

12.80 


2.25 

2,00 

1.75 

1,50 

1.00 

OXTGENsBUTAME 

0.57 

0,67 

0,67 

0.57 

0,57 

WITRDGEN:DX1i'CE'! 

1.60 

1.60 

l.'SO 

l.€0 

1.60 

n[jTt.!rT rcNCE^XRAricNs 







1.29 

0,86 

0.-27 

1,06 

2,32 

PROPELENE,! 

0.00 

0.66 

0,00 

D ♦ ^3 4 

0,66 

N-BUrftNE,| 

38,89 

38,64 

38,69 

38,-98 

38,80 

M-'6UTF.flE,% 

0.32 

0.38 

0.49 

0,00 

0,38 

fRA^icE-a-BtirEws:, 1 

0.45 

0.38 

0.-28 

0.53 

0,41 

CTS-P•BU^£^^E,% 

0.45 

0,38 

0.48 

0,53 

0,41 

1 ,3-8UTADIENE:, 1 

1.56 ■ 

1.60 

1,-34 

1.-32 

1.30 

“’ETHANE, 1 

0.0 0 

0.00 

0.-75 

1,50 

3,41 

DTDXID€,,% 

8.43 

9,47 

8.-S7 

9, <25 

10,53 

aXV'GE.\>,% 

6.55 

6.00- 

6.4 7 

5,5'1 

0,92 

CARB3W HDN3XIDS'.,I 

1,20 

0 ,36 

1,49 

. ■' 0,00 

0,00 

«ITR1GEN,I 

40,86 

40.66 

40,-8 6' 

■4'0-»'66 

40,86 

TUT rtiDW,K3' 

5.42 

5,76 

' 6,61 ' 

7,68 

11,52 

C 3N V CR S 1 3 N , X I E L»p , S'Eli EC T1 VI t Y 

/ 




CO.MVERRICNrt 

13.03 

il',45 

13,48 

12, S3 

13.24 

YIELD 8D,% 

3.48 


3,00 

2,96 

2,90 

YIELD rute:(S) + bo,.i 

6.20 

. . 5.02 

5,78 

5,35 

5,60 

SELECT BD>I 

2 6.72 

■ 25.45 

22.-22 ■ 

23-,06' 

■ 21.92 

SELECT BUTEISItBDvl 

47,57 

4S,0'2 

42,07 

■ 4I,5S 

42.26 



T^iiiEt ro'iDi rrp'^s. ssi pdimts , 

Mt m im M M M iMu M mm m m mm m'm m'm m*m mlm m'nm m'o*> m m mi m m 


SUM 'lO 

86 

37 

88 

89 

90 

TEMP^^C 

425.00 

425,00 

425.00 

425.03 

425,00 

i\CTI\fE COMOO'lE'Jf 

BETA 

. . BET A 

BETA 

BETA 

BETA 


5.00 

5.00 

5.00 

5.00 

5,00 

ChT 4T,G' . 

12.80 

12 . ao 

12.80 

12.-3 0 

12,80 

SUfft^E ClWv,?i 

32.47 

32.47 

32.47 

32.47 

32,47 

TJCySS'f^ CD^Gr.l 

25.97 

25,97 

25,07 

25,97 

25.97 

.^JITRGiM CDMC,% 

41.56 

41,66 

41. .56 , 

41 ,-56 

41.56 

TM FLOW, MG 

5.12 

5.69 

6.40 

7,31 

8,53 

'VF^G/fMG MGt./'n'J) 

2,50 

2.55 

2.00 

1 .'7 5 

1,50 

n)(yGEN:B!JT'\M5 

0.80 

0,80 

0.30 

3,-80 

0,90 

NITR3GFW:0y!«' GEM 

1,80 

1.60 

1.50 

1,6 0 

1.60 

n'JTtjFT CTMGSMrSfA ripss. 






ErpybF.M£,% 

0,00 

1,04 

0,.75 

0.-93 

1,36 

?ropeliENe;,i 

0,00 

0,00 

0.27 

0.-49 

1,23 

iM-8UrAME|%' ' . ' 

2 9.26 

29.45 

29,03 

28.-99 

29,09 

M--8UrEME,% 

0.00 

0 ,'3 6 

0,00 

0,31 

0,55 

TRR«<!:E-2*ByrSl45rl 

0.68 

0.47 

0..50 

0.31 

0,5S 

CIS-2-BUT£ME,% 

0,68 

0.36 

0.60 

0.31 

0,55 

1 ,3-BUTA0IE«Srfe 

1.46 

1 .64 

1,34 

1,69 

1.60 

'•'ETHBifJF, 1 

0.03 

0,00 

0,00 

2,-67 

3,70 

CRPSTN DTDXIDE,% ■ 

'3,85 

8.06 

8,67 

8.47 

10,87 

nXYGEf^,% 

5,75 

7,44 

6,09 

■5'i02 

4,33 

CAP61^ H3iM3XIDS>l 

7.15 

4.09 

5.08, , 

3 ‘■I* € t 

0,00 

MITR3GEN,% 

45.18 

46.49 

46. 48 

if:* 48. 

,46,18 

nUT Ft.0W,M3. MOL'/M.IM 

4,61 

5.12 

5,06' 

6.6 8 

t,i8 

C 0 M V SR 5 1 3 fj , y I E LO , ,5 ELEC H O rjT 

. 









CQMVSRSI3N,I 

18.89 

18.06 

19,62 

• 19.63 

19.3S. 

YIELD B0,% 

4.04 

. 4.65 

5,10 

■ 4.-70 

4.45 

YIELD 8UTE(S)+30>,t 

7.80 

7,87 

8.40 

7,01 

8,99 

SELECT 80,1 

21.37 

24. .78 

■26.43 . 

2i-«'94. 

V 

22,99 

SELECT BUTECS’) ♦•B.Ov 1 

41.30 ■ 

42'.®''8 ■ 

43.-04 

3 7, '26' . 

45.44 



r^ir.ET rD'ioTf ro^;S 'k.'io set pdints 

m m'm m m m mm mm m-m « jiM Ww « W « W w W m « w ««<«#* «• ' 

■ U9 


RUM' MO 

91 

, 92 

93 

94 

95 

TEMP,i<C 

425. OU 

425.00 

425,00 

425.33 

425,30 

ACTHTE CO.NPOMEMr 

SETA 

BETA 

beta 

BETA 


CAT C:OMC,»S3L/iaO 

' 5.00 

5.00 

5.00 

5,0 0 

5.30 

CAT 'tft.Q 

12. RO 

12.00 

12.30 

12.63 

12.80 

«UTA«C C3NC>I 

32,47 

18,72 

18.72 

13,72 

18,72 

o>cyssW''c3NC,i . 

25.97 

31,26 

31.26 

31. -26 

31,26 

K1TR3N COMCrl 

U.56 ' 

50,02 

50.02 

53.02 

50,32 

IN FLOW,MG 

12.93 

5,4 2 

5,69 

5, -43 

7,31 

'^/F,3/fM3 MDO/'HM) 

1.03 

2*60 

2,25 

' 2.00 

1 .75 

DXyGENlH'IT&M5 

D.flD 

1.67 

1.67 

1.67 

1.57 

NITROGKWmJfYGE'J 

1.60 

1.60 

1.60 

1 .50 

1.50 

nUTt.FT COMCEMr^ATlOMS^ 

FrHyr,.E?'je,%' 

1.07 

0.00 

3,00 

1,66 

0.30 

PROPEliENE,! 

1.35 

0.00 

0.00 

3,00 

0.00 

N-BUTAME,I 

29.46 

14.42 

14,39 

14.11 

14,79 


0.28 

0.23 

3.-16 

3,12 

0.26 

■■fRANCE-2-aurE’«E;, 1 

3.28 

0.40 

0.-48 

0,60 

0*51 

CtS-2-aU‘TEME,% 

3.51 

0,61 

3, 16 

3.60 

0,26 

1 ,B-BOtADIE!ME,l 

1.60 

0,74 

3.34 

3.97 

0,98 


1.83 

0.00 

0.00, 

0,63 

1 .80 

CAP81N DT0KI3€,I 

7.97 

14. S8 

'15,09 

13.79 

14,32 

n;(T3Fiv,% 

9,46 

10.09 

9*63 

11*139 

il ,51 

CAPBOM M0«0)(I'0E,l 

3.00 

3.77 

3,67 ■■ 

0 • <8 6 

0,00 

mitrogfn,% 

46*18 

55.68 

5 5., 68 

55,68 

55,58 

# ' „ 

OUT FLOiNffAG MDLi/.MiM M.62 

COM \f ERSI ON , T lELO , SStECri T,5f 

mm mm m'm mm m'm m[m m'm • ^ > j«t '• mm 

4.61 

'6,112: 

5.f75' 

6.58 

CONVERSION, 1 

18.33 

30, «9 

33,34 

• 32,17 

28,88 

yiRLO B0,l 

4.43 

3.64 

4,63 

4,66 

4,72 

TIELO' BUTF.CS) + 50>,% 

7.41 

8.09 

9.41 

10.06 

■ 9.63 

SEtiCCT B0,l 

24.17 

11.64 

1 '14, -69 

14.48 

16*36 

..'Set^ECt 8'JTE.(5')fB0vl 

■ 40.43 

29 .at 

27,08 

■ 31*08 

33,36 



T'’>!Ler ''D'JoirroMs s 

Sf P3I^TS 










150 

RJ'-! '^D 

95 . 

97 

98 

99 

100 

TSMP^^C 

42'5.f)0 

425.00 

44D.OO 

440.00 

440,00 

ACTI'/E C3HP3'l£'ir' 

SETA 

BETA 

beta 

BETA 

BETA 

C^T C0MC,?4ati/130 

5.00 

5.00 

5,00 . 

5.0 0 

5,00 

Ckf ^t,G . 

12.00 

12.60 

12.30 

12,9 0 

12.30 

C35IC', 1 ' 

19.72 

I8,i72 

18. 72 

19.7 2 

18.72 

3SC?Gf?:« cnsiCri 

31.26 

31. <26 

31.26 

31. '2 6 

31.26 

MITRSM C3?^3,| 

50.02 

50.02 

50,02 

50,02 

50.02 

TM FtiQW^'^G 'f3ti/Mt’'l 

3.53 

12.60 

5,12 

5.59 

6.40 


1.50 

1.0 0 

2.50 

2. '25 

2.00 

DXYGENS BIJTAMF. 

1.67 

1.67 

1.67 

1 ,57 

1.67 

MITR3G£N!3KK:-,S^ 

1,60 

1,60 

1.50 

1.50 

1,60 

H'ITuET Cl^JEEMf^Ari^MS 

m m m m mm mm m m m'rn m'm m'm m'm'm'm m'' 






F:rHY[,EMe,% 

0,90 

I.IS 

0,00 

0.00 

0.62 

PROPSLENE,! 

0,16 

0.(25 

0.00 

0,00 

0,00 , 

M-BUrftNE,i 

14,32 

14.47 

14.30 

14. .23 

14,12 

M*BUrE^fE,t 

0.29 

0,00 

0.00 

0,35 

0.34 

: .tWMCE-a-BurEMs:, i 

0.29 

0.35 

0,32 

0,35 

0.33 

CrS-^-SUfE'lErt 

0.29 

0.(70 

0,32 

0,00 

0.33 

1 ,1-SUTA0IS:HC':, 1 ‘ 

1.01 

1.03 

1,33 

1,41 

1.36 

'*STH ANEi- 1 

0.42 

0,99 

0,00 

0,00 

0.00 

ni^pa3f>i DTOXIOErl 

14.79 

H.<23 

14, .76 

14,-30* 

13.93 

nxy3-:N,% 

11.09 

11, *24 

10,06 

to.,. 25' 

11 #32 

rARB3N* fJI3N3KID2:, 1 , 

0.95 

0,(00 

3,33 

'3.52 

2,06/ 

MITR3GEH,% ■ 

55.58 

55.68 

55, (|8 

55.58 

55,58 

nar flow, mg Mnii/Miy 

7.68 

11.52 

4,€1- 

5*4 2 

5,76 

CaMVERSI3N, SfIEUO> SEliS'CTIVlTX ' 





rnmmmmmmmmm *mmm • 

Mm »w I* wfii* 





C3MVERSI3''1 . 1 

31.13 

30.44 

31.(24 

31.50 

32.10 

yiFL3 8D,% 

4.83 

4.97 

6.40 

5,(79 

6.54 

f£EU3 surge S)t9t),.l 

9,08. 

*10.02 

3.50 

10,-18 

11,39 

5ee.E3t BDrI 

15.53 

16.32 

20,49 

21.49' 

20.37 

"SSLECT 6''JT5"£S') fS^'f 1 

2 9.. 17 

32.91 

30.40' 

32.20 

. 35,48 



J51 


T'lr.Ef ro'JDTrio'is %.M0 set pdimts 

m «• «» «p IP <« (# MN flit iw tp 'iw » W • I** 'ip W li# '•* •» |(i» •» W m m m m m''» 


PlIM ^10 

lOl. 

102 

103 

104 

105 

TS M P , ♦ ? 

44D.00 

440.00 

450.00 

450,00 

450.00 

a.CTI^E COMPD.'JE'Jr 

SCTA 

BETA 

BETA 

asTA 

BETA 

CftT rOWC,M3tt/:nO i3l 

5,00 

5,00 

5.00 

5. '00 

5,00 

CAT 

12.80 

12,80 

12.30 

12. '30 

12.80 

aUTAMC CONC# 1 

18.72 

18. '72 

40.25 

40, '25 

40.25 

OXVGSf'* C3M:,| 

31.26 

31,26 

22,98 

22, '98 

22,98 

f^ITTRIf. C3NC|I 

5 D , 0 2 

50.02 

36,77 

35, '77 

36.77 

TM F[.3«,M3 K3U/MT''l 

7,31 

8.63 

5,12 

S, 40 

7.31 

3/f M3' ) 

1.75 

1.60 

2.50 

2. '00 

1.75 

nXYGEfcBLirAME 

1.67 

1,67 

0,57 

0.'57 

0.57 

NlTR3GPN:Da3e'l 

1,60 

1.60 

1 .50 

l.'SO 

1.60 

n ij T L '=' T c " 1 M ? E 'I r r4 r 1 3 M 5 ^ 

wh w Mfi w m m m m m'm w '«• mi M w W mu 1w ^fw IM ni ' 







1,10 

0.69 

0,15 

0.'00 

0.00 

PRDPSLENE,! 

0,42 

0,00 

0,00 

O.'00 

0.00 

M-BUrAME,l 

14.49 

14.32 

38. <22 

3 9. <60 

38,73 

^i«buteme,% 

0.42 

0,44 

0.49 

0,'33 ' 

0.32, 

TRRJICe»2*3[jrSMS':, 1 ,, 

0.42 

0.25 

0 , <5 4 

0.*42^ 

0,40 

ris-J.BUTE^efl 

0.42 

0.25 

0,49 

0,-39 

0.26 

1 , 3-PUT40ie>l£:> 1 

1,30 

1.35 

2.02 

2,24 

2,21 

■’STHANE,! ' ■ 

1.57 

2.63 

0.00 

0.00 

0.00 

"APBIM DT3)(I0€,I 

14.81 

' 13,79 

8.93 

8.63* 

10,06 

nxV'GEM ,% 

9.48 

10.80 

5,00 

6w20 

6', 0 3 

rARB3!'i MlNDKIDEfl 

0.00 

0.00 

2,19 

2 .'4 3 

1.13 

'MTTR3GEN,% 

55.58 

55.68 

40, '86 

4 0,16 

40,86 

nUT ELnw^MG MOLt'/Mn 

6.68 

7,58 

4 , 6 1 ' ' , 

5.75 ■ 

6,59 

noMVERsi3N,ifiEiiO,SEt.Ecnririf 





•w «iii IP H* m'm mm mm m'm mm mm w » mm 

«t W IM «M * 





COMVKRSiaN, 1 

30,35 

31.43 

14.52 

1 3, '70 

13,40 

YIELD BD,% 

6.25 

6,47 

. 4, '53 

5. '00 

4, -95 

YIELD BUTECS)+3D,I 

12,29 

11,00 

8,13 

7. '57 

7.14 

SELECT BD,| 

20. '58^ 

20.79 

31.17 

■ 35,61 ■ 

36,92 

SELECT R»JTEt5')4>8D'»l 

40.49 

35,33 

5 6, '00 

55, '25 

53.31 



152 


T-Jf.wr n'fDTrrO'JS BUT PDIMTS 

m m m m mm mm mm m'm m'm *i jm* mm 


PiJM 'iO 

105 

107 

108 

/ 

109 

1 ID 

TSMP,*': 

15D.OO 

450.00 

459.00 

450.00 

450,00 

ACTIVE ciMocvevr 

BETA 

BETA 

BETA 

BETA 

BETA 

CAT :0^C,^Cb'';i93 '«'3L 

5.00 

5,00 

5.90 

5.00 

5.90 

CAT'>JX,G 

12.80 

12.60 

12,80 

12.80 

12.80 

BUf'AVS C3MC.»I 

40.25 

40.25 

49,25 

32,-17 

32.47 

nxysEN C3NC#I 

22.08 

22.08 

22,88 

25,07 

2 5. -97 

nxTR^n CDNC^I 

15,77 

36.17 7 

36.77 

41, -55 

41 .56 

Ti Pf.OW^'^G 

3.53 

12,60 

25,80 

5.42 

6.40 

.-/F, C/rMC V) 

t .50 

1,00 

0.80 

2.-50 

2.00 

TXYGSNjB'JTA^iS 

0.57 

0.67 

0.'57 

3,-3 0 

0,80 

NITR3GEfv:0yy CE'J 

1.60 

1.60 

1.50 

1,80 

1.60 

nUTLET rCMCEVr^A riDMS^ 






m m m m mmmm mm mm m’m m W « ]« » m hm ' 






'"rHyr.EME,! 

0,00 

0.66 

0.86 

3.4 5 

0,90 

PRCPEIENE,! 

0,00 

0,46 

0,89 

3.00 

0,00 

’^-BUTAMEfl 

. 3 '8. -45 

38.05 

38,41 

t'9.8 7 

28,83 

C•»U^E^fE,% 

0;31 , 

0.29 

0.32 

■ 0.85 

0,24 

^fRA««CS-2-BlfrE^S.,%'' 

0.39 

0.40 

0.00 

0.82 

0,31 

C'tS~2*BtlTeME',,i 

0.3S 

0.32 

0,85 

0,48 

0.31 

1 ,B-8UTADIEI«E:rl 

2,34 

1 .91 

2.-01 

1.31 

2.22 


0,00 

0,65 

0,,86 

0.00 

0,00 

'•iiOnl’i DT0K,T3€,I 

3,50 

9.67 

9.81 

10,35 

JO. 74 

■}KyyE-i,% 

5,81 

5,23 

5;30 

S:.'72 

5.23 

CAROTM MCMIKIDC'i. 1 

2,89 

0.00 

0.02 

5, 89 

5", 96. 

MirRIG^N,! 

40.86 

40.66 

40.86 

45.48 

46 .v '18 

CUT PLCWfHC V , 

7.68 

11.52 

23,04 

4,6l' 

5.76 

cDMVER5i3N,yiELO,seLScrivrry 





«* Ml w|s I* » W III iw w W • ,]*T ]• jw « 

ii|«i m'lmmrn 





C3NVERRI,1M, 1 

14.01 

12,01 

14,41 

19>08 

20,07 

YIELD QD,I 

5,2 4 

4,27 

4,80 

3.62 

6,45 

YIELD' BUrE{S)+30>% 

7.60 

.6^62: 

6.88 

, 8, 0 3 

8. 80 

SELECT BD,| ■ . 

37.39 

33.41 

31.80 

18,13 

30.66 

SELECT BUTE'C S) tSDV'I 

54,20 

50.63 

' 47.35 

43.-,6t' 

'42.36 



t53 


T"4r,Er rrjMOTrraMs j^md sst pdimts 

»<• m m m m'm mm m'm m‘m « '*i • «« Wm w iw 'w w W m'm m'm m m m 


SLP'I VO 

!11 

112 

113 

lU 

115 

T g M p , » r: 

45D.00 

450.00 

45D. 00 

450,00 

450,00 

ACTIVE co^oovEvr 

SETA 

BETA 

BETA 

BETA 

BETA 

CAT CD^’C,M5L/;15D 

5.00 

5,00 

5. '00 

5.-0 0 

5.00 

CAT 4T,G 

t ?.80 

12. BO 

u.ao 

12,-3 0 

12,30 

SUTAME COMC^I 

32,47 

32.47 

32,47 

32, -47 

27,78 

OKTSEM CONCrl 

25.97 

25.97 

25.97 

25,-97 

27.78 

MITRSN C3NC#I 

41.56 

41.66 

. 41,56 

41.-56 

44,44 

I?! rt.ow,«G xoej/miv 

7,3i 

8,63 

12. 60 

2 5. -SO 

5,12 

W/r, S/f MC- 

1.75 

1.60 

i.oo 

, 0.-50 

2.50 

OXTSENsB'JTAMS' 

0.80 

o.eo 

,0.-30 

0.-30 

l.OQ 

NITROGEN S OK If CSV 

1.60 

1.60 

1,-50 

1.-60, 

1,60 

OOTEET COMCEVr=?ArlONS, 






ErHyLEve,! 

0,00 

0.00 

0.-29 

0.-91 

0,00 

PROPELENE, l! 

0.00 

0.00 

0.-51 

■ 0.-32 

0.00 

N-BUTANE,! 

29.75 

28,66 

29.-00 

2 3.-13 

22,25 

N-BUTKNE,! 

0.28 

0.23 

0.-34 

0,'42 

0.28 

TRANCe-2-BlirENE', 1 

0.39 

o.ai 

0,‘35 

0.t42 

0,56 

CIS-?-aUTE‘JE,% 

0.31 

0.27 

0,-42 

0.-38 

.0,56 

1 ,3-BUTAPIEMCr fe 

1.97 

1.94 

1.95 

1,;7 2 

1.92' 

■'ETHAN'E, 1; 

0.00 

0.00 

1,-53 

2, <3 3 

0.00 

CAPS IN DTQKI0£,% 

10.33 

11.60 

11.-84 

11 ■,<99 ^ 

,13.16 

0KyGEN,% 

S.12 

3.27 

7,-01 

■4.30 

3.81 

CAPBON MOMOXTDSrI 

5.18 

6,63 

0,-58 

, ,'2'.8,9 

1,10 

MITR0GEN,% 

45.18 

4 6 , 4 S 

46,-18 ',, 

,. 45v'i8 

49*38 

OUT rEOW^MG. woE'X'^XM 

6.58 

7.58 

11,62 

23,-04 

4.61 

C 0 M y E R 5 1 0 N , y I E LO , ,3 El EC TI VI ft 

m m m m m m m m mm m'm m'm mm 'tli #'|» • (Wj 





CONVERSION, 1 

19.93 

20.66 

19,-52 

2 2>'03 

27,92 

riElO BD,% 

5.45 

5,(39 

5.-39 

•4, -is' 

6.21 

VIEIO BUTEC5)t30,% 

9,18 

7.65 

8,49 

-|*-17 ■■ 

10.71 

SEIECT 80,1, 

2 8,«2 

26,20 

27,49,, 

ai . -S'S - 

22.23 

SStiE"!' 6'1 r"(S) T0O%.I 

43,22 

37.20 

43.28 . 

3 7, 'll 

,: . 38,35 
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T jr.Kf rOMDirtOMS S5T PDIMTS 

•wmwhwiwi^wimimw m'm m'm m'm m\mm'm mm i«.V rn'm m'mmmmm‘m 


D fj M 0 

1 1 5 

117 

118 

119 

12e 

r s p , * c 

153.30 

450.00 

450.70 

453.70 

450,33 

AC'f’tl^E CDWPDVEVT 

SETA 

BETA 

BETA 

BETA 

9KT4 

CAT C0*JC,M3l./i}a 

5.00 

5.00 

5,30 

5.7 0 

5.00 

CAT #IT,G 

IZ.90 

12.80 

12.30 

12,30 

12.50 

RiJTA^JE C3N:,I 

27.78 

27,7 8 

27 , 1/8 

27,73 

27.78 

CJCTGEN C3NC,| 

27.78 

27,78 

27.78 

27.78 

27.78 

'MTRSN C3NC;, 1 

44.44 

44,44 

44.44 

44,44 

44,44 

IN rt,0W,^5 •«3L/Mr;N 

5.40 

7.31 

8.i53 

12,30 

25,60 

w/r^s/cwG. **ot4/'^iN3 

2,00 

1 ,7 5 

1 .50 

1,70 

0,50 

nXTGRNtBUTANE' 

l.oo 

1.00 

1.70 

1.70 

1,00 

MTTR3aCN!0!(I Cfi'l 

1 .60 

1 .60 

l.'SO 

1.60 

1.60 

•^JTGST CCNCE’-JT^AriDNS 







0.J5 

0,00 

0,70 

0,38 - 

0.85 

PRCPEGCKSrI 

0.00 

0,00 

0.70 

0,34 

1.07 

N-BUTANE»I 

22.91 

23.15 

23.72 

22. <14 

21,41 

M.ftiJtE'ME', 1 

0.31 

0.4S 

0,29 

0,44 

0.25 

TRAi'ICS>2»B'jrE;N£> I' 

0.31 

0.69 

0.70 

0,24 

0.60 

Cl5-7-BUTENg,li 

0.31 

0.78 

l.il 

0,56 

0,61 

1 , 3-BUTA31SNE, I 

2.00 

1.08 

1,9 3 

2.75 

1.28 

•'ETHANE, 1; 

0.00 

0.00 

0.70 

1.39 

1.67 

ntoTi^e,! 

11.80 

14,27 

11 . 57 ' 

11,57 

12,02 

nxYC='.'. 

4.83 

8,01 

5.22 

1.51 

2.59 

CftORTfi' fnM3XID£,| 

8.00 

i.ao 

5.47 

' S .39 " 

8.27 

nirR^GCN,! 

49,38 

49,38 

43,38 

49.38 

49.38 

OUT rL3W,*^3 Y0 Li!/YIN 

5.76 

5,58 

7.6 5. 

11.52 

23.04 

C3HYERSI3N,yieLO,SEljECriYin 





m m m m m'm m m m'm m'm m*m * W W -iiB » # • w |iiiii» i» #•*••» • 





C3MVER5I3N, 1 

25.76 

25.01 

25.41 

23,26 

30.64 

yiCE,3 BD,% 

. 5,48 ' 

6,40 

8,24 

■5,54 

4,14 

YIEUD' BUTEC Su.) t50'|.I 

9,48 

12. '3 2 

10.79 

■ 10.56 

9,87 

BSf.r.CT B3,| 

25,15 

25,60 

24.55 

23<,49 ■ 

13,50 

SELECT B!}TE'CS‘)fB3'f.l 

3 6, .81 

49. (23 

42.48 

37.72 

28,94 



nt.Eir roMOTna^s sst P3iMrs 

* 'i» «(» W • W w 'w y '*»»» W » W « W «p «• 


PU” \io 

121 

122 

123 

124 

125 

■T'e'ip,*" 

450,00 

450.00 

450.00 

450,00 

450.00 

f'CTIVE CTMOD'JE'jr 

SETA 

BSTiv 

BETA 

3ErA 

BETA 

r.kV C0MC»M3L/’:i)0 

5,00 

5. AO 

5,00 

5,00 

5,00 

TAT .•fT,G 

1?,P0 

12.«3 0 

12,90 

12,00 

12,90 

P'Jir^'IE C3MC,| 

22.83 

22,63 

22.33 

2 2.-3 3 

22.93 

HKVSEM CiHZ,% 

20. 6S 

29.68 

29.58 

2 9,69 

29.68 

■’aTRGii C3MC,| . 

47,49 . 

47.49 

47.49 

47,49 

47,49 

IN FCiOW^ ^<8'' 

5,12 

■6,40 

7.31 

9.63 

12.80 

G ^0b/'<iN3 

2,50 

2.0 0 

1.75 

1.50 

1,00 

-1i<y8FNsBlIT<\N5 

1.30 

l,i3 0 

1.30 

l.'BO 

1,30 

f^ITROGENsOJCli: GS'I 

1,60 

1.60 

1.50 

• 1,60 

1.60 

piiT(,«:r criNCENr^i^riDNS 

!’ i'4yr,F:''!E, % 

0.00 

0.00 

0.15 

0.-31 

0,00 

OR3PEIiFME,| 

0,00 

0.00 

0,00 

0.0 0 

0,28 

M-BUfAFIE,l 

17,79 

17,69 

17.90 

17.61 

17.56 


0,39 

0.86 

0,44 

0.89 

0,26 

ts*feffce-2*B;irs?<s, 1 

0.27 

0,86 

0.87 

0,89 

0.45 

ris-^-BUTENB^^ 

0.26 

0,46 

0.-54 

0,89 . 

0.4S 

1 ,l-B(JTADIEMe,l! 

1,7 8 

1.8 8 

1.34 ' 

1.'78 

1,86 

•’F-;rHfi,i\ff, , ?( 

0,00 

0,00 

0,00 

■ 0.60 

1.15 

OT^iaiErl 

13.78 

13.47 

12.34 

1 4 6 5 

I2''..f7 

nKvr,E‘'.,% 

7,26 

7.41 

8,66 

■ ,..6.02.. 

. 8,09 

TARBI^ fONlXTBS,! 

5.70 

6.81 

4,. 90 

4, #7 

4.15 

HITRlQF.f'j,! 

52.77 

52.77 

52. -77 

52, '77 

52.77 

nijr 4,^1 

r 3 ra s p s 1 “) fj , n E bp , s s b SC ri n n 

5.76 

6.68 

7.68 

11.52 

(-0WySR5l“lN,l , 

29. 8S 

*30.89 

29.44 

30.67 

30.79 

VtEbS BD,% 

7.01 

7.02 

7.(25 

- 7. '94 

' 7.35 

yiEt,') BurECS) + so,i 

10,65 

10.69 

12.16 

10. '51 

11.94 

SELECT 80,1 

23,49' 

23,49 

,24'.61, ' 

;23-,‘0l ■ 

23.96 

SEfiECT iOTECS)<>80',l 

35.69 

35.07 

41*86 ■ 

3 4 .'OB 

38,77 
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T-it.sf coMOT rinx’s ^aio sst 

w w ;»» II* *1, af» w iw W «ii W « WI 


RiJ''v' \tO 

12S 

1 27 

129 

129 

1 30 


455.00 

450.00 

459.90 

459. '90 

450.00 

ftCTIire CTNlPDME'Jr 

BETA 

BETA 

BETA 

BETA 

beta 

rtiT HDL 

5.00 

5,0 0 

5,00 . 

5, <99 , 

5, OO 

CAT 

12. SO 

12.60 

12.30 

12.69 

12.50 

f^JTA^ie C3:NCrl 

22. B3 

18,72 

18.72 

13.-7 2 

10.72 

nXYGSM cin:,i 

29.68 

31.26 

31 .26 

, 31. >26 

31 . 26 

MITR3N CO^lCil 

47.49 

50.02 

59.02 

59.-92 

50,92 

IM rt,C5W,^G HSL/’mN 

25.60 

5.4 2 

5.40 

7.-31 

8.53 

W/Fr"/f^*G 

0.50 

2.50 

2,90 

i.'75 

1.50 

riXVGENsBUTAME' 

1.30 

1.67 

1.57 

1,67 

1.67 

,\!tTRnGEr.':0)fne'J 

1.60 

1.60 

l.<50 

' 1 .'SO 

1.60 

OUTLET COi^TEU TPA r_I UfJS; 

FTira.EMH'.i^ 

1,69 

0.00 

0.00 

9,49 

0,30 

PHOPSOENC,! , 

0,36 ■ 

0.00 

9,00 

9. <90 

0,00 

f'?-BUTAME,l ^ 

16.13 

14.04 

14.. M 

11,-3 4 

14.09 


9,28 

0.54 

9. <26 

9. <25 

0,31 

TRftfCE-2-BUrE?iE, 1 

9,39 

0.32 

0,40 

9,3 2 

0,31 

ni:s-?-suTEME,% 

0.14 

0,32 

0,35 

9.32 

0,31 

1 ,T-BUTADIENe:, 1 

1,13 

1.38 

1,60 

1,48 

1,66. 

I; 

2.44 

0.00 

9,00 

3.60 

0.59 

rAr-60f; DTOKIUC,! 

13,30 

15,06 

14.93 

If, <10 

12.84 

nX’»'GE'\,% 

2.36 

10,03 

It, <98 


11.28 

fAPaOf^ tONDKIOSil 

9.02 

3.07 

1,79 

:'9:.00 

2,.-8'2, 

UITROGFL,!. 

52.77 

55,68 

5 5,-58 

55, <58 

55.58 

nUT FLDl^ifMG viol/MIM 23.04 

c on V SR SI 3N , n e L0> ,5 SL€C H yj W, 

4,61 

5.7 S 

6.65 

7.68 

CONVSRSIU!^.% 

16,43 

32,61 

32.45 

30.09 

3.2,25 

TtSLO BD,I 

4,47 

6,62 

7. <23 

7. .11 

7.48 

yXRliD flUTeCS)+3D>'i . 

7.62 

10,73 

12,. 05 

11,36 

12,00 

SELECT BOil 

12.26 

20,04 

22.48 

23., ,<64 " 

■'2 3., 19 

^SILECT BUTSC5) tBDiiI 

2 9. 9,2' 

32.99 

37, >47 ' 

■37''.76 ' 

37.20 



1S7 


T'^LEf rn'3DrriO''is stf P3iNrs 


m w m m m mm m m mm'm'm jbi W m*M'm'm m'm 






P.i.l'i MO 

131 

1 52 

133 

134 

1 35 

TE'^P^ ♦C 

15D.00 

450.00 

460,00 

169,00 

460, no 

fOTIVE COMPDVE'ir 

BETA 

BETA 

BETA 

BETA 

BETA 

CRT C0*!C,M0D/'130 'flOL 

5.00 

5.00 

5,00 

5.00 

5,90 


1 ? . R 0 

12.00 

12.30 

12,39 

12.80 

RLITA^E CDNCrl 

18.72 

18. >7 2 

18. .72 

18.-72 

18,72 

nX^GEN CDNCrl 

31.26 

31.26 

31.26 

31,26 

31.26 

NITRGN' CDNCfl 

50,02 

50.02 

50.02 

59.02 

50.92 

IN rtiOW,,*«G « 3 L/Mr'! 

12.80 

25.60 

5.42 

5.69 

6,40 

W/r,5/CMG' 

1.00 

0.60 

2.50 

2,25 

2,00 

■0X5rGflisBUTR''lE ' 

1.67 

1,67 

1.-57 

1 .67 

1.67 

MirRlGFNiOXyGEV 

1.60 

1.60 

1.-50 

1.60 

1,60 

'^UTEET 






ETHV fjEME, % 

0,22 

1.69 

0,45 

9.00 

0,90 

PROPELENE,! 

0.36 

0.00 ' 

0.25 

9,00 

0,00 

f-s-aurAME,i ■ 

14,73 

13. 01 

13.48 

14.38 

13,91 

nz-SUTEwE,! 

0,29 

0.32 

0,42 

0,43 

0.37 

TRA«Ce-2*»8UrFJ’JSV 1 

9.29 

0,40 

0,<63 

9.43 

0,48 

r’TS-?-aUTEM£,% 

9.29 

0.24 

0.47 

9.43 

0.17 

1 , 1-aUTADIE?JEr 1 

1.46 

1.61 

1,-28 

i-.4 9 

1.39 

‘'F:THAf'.F, 1 

3,53 ■ 

3.26 

1.3-2 ■ 

9,00 

0,00 

TAPBIfv DI0XIDE,% 

12.04 

13.26 

15.24 

15.06 _ 

14.09 

0XYG"^,% 

11.21 

9,33 

10, .19 

41.31 

10.20 

TAReON M3N3XT0S>I 

0.00 

0,00 

0.00 ■ 

9.69 

3,81 

m1TR1GFM,I5 

55,58 

55.68 

5 5 , <5 8 

5 5.68 

55.58 

nUT Flinw,M3 

1 1 .62 

23.04 

4.61' 

5.4 2 

5,76 

C0?''VERSI3N,XIEl.OfSSLECriViry 





I» W w •• W » mm mm ^mm 

K» m m m jm mm 





CONVERSION, 1 

29.20 

33,41 

35.21 

39,36 

33.10 

YIELD Rt>,% 

7,02 

7.28 

6.4 6 

5,70 

6,67 

YIELD BUTECS) + SO,,l 

U .23 

11.69 

13.44 

■ ll.,93.' 

11,58 

SELECT &D#I 

24,05 

21,68 

17. .51 

11,47' 

20.14 

SELECT Bl!TE(S’)>8Di,l 

39.47 

35.00 

38.48 

’ ' 38,6«' ' 

35.00 
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T'<jr»:r coMDirip'JS A.vio sst points 

««»«*<M*wi«iWiPMwwM m'm mW • W «»»'•_*» 'w m’m mm m\m mm m mm mm 


P U M 0 

116 

137 

138 

139 

1 40 

TE*^P,=^C 

16D.0O 

460.00 

460,00 

460,00 

475.00 

ACTH/E CIMPDME^T 

IGTA 

BETA 

BETA 

BETA 

BETA 

CAT CDNC,M3t4/lD0 'OL 

5,00 

5.00 

, 5.00 

5,00 

5.00 

CAT 4T,G 

J 2.80 

12,00 

12,40 

12,90 

12,80 

BUTAME C3NC:,| 

18.72 

18.72 

13.72 

13.72 

40,25 

DXTGEN C3N:.#I 

31.26 

31,26 

31,26 

31.26 

22.98 

MITR3M C3NC,t 

50,02 

50.02 

50,02 

50,02 

36,77 

IN Fl.0W'#«G M3ti/Mtl 

7,31 

8.63 

12.40 

25. SO 

5,12 

N/F#S/CMS 

1.75 

1.60 

1.00 

0.-50 

2.50 

3X?GEN:BiITftNS 

1.67 

1.67 

1.67 

U67 ‘ 

0.57 

MIT83GEN JDXICE'J 

1.60 

1,60 

l.'SO 

1.-50 

1,60 

riUTf.ET C3NCE'irRArlpN3 






m m m m m <m m m m m m'm mr 'm «» 1m w 1m w W m 






F.TMy(,F;‘JE,% 

0,00 

0,00 

1 »'-3 2 

1,-80 

0,00 

PRnPELENE,! 

0.00 

0.00 

0.00 

0.-93 

0,00 

N-BUrAfJE,% 

H,22 

13,69 

1 4 , (3 3 

1 3 *0 8 

37.31 

•>f-BareNK,% 

0.00 

0.14 

0.41 

0,-25 

0,00 

TRANCE-2-Blirs.NSf 1 

.0,38 

0.60 

0,29 

0,42 

0,60 

CI5*2-BUrENE,% 

0.38' 

0.60 

0.29 

0,25 

0.60 

1 ,3-BUTADtSNSVI . 

1.42 

1,43 

1,36 

1,12 

1,95 

“ETHMiE,! 

0,60 

0,00 

, 2.47 

1,-39 

0,00 

''ARt^TN DIOXIDE, % 

14,82 

16.79 

45.60 

14.-31 

13,05 

nXYGEN',% 

10,42 

9.-99 

8,47 

. 19', -37 ■ 

1,67 

CARBON MON3XIOS, 1 

2,19 

1.69 

0,00 

,0.44 

■ 3,96 

fllTROGEN,! 

55,58 

55.68 

55.68 

55.68 

40,B>6 

OUT RDOWiHG- 

6,68 

7.58 

11,62 

23.04 

4.61 

r 0 Y E R 5 1 3 N , X I E C*0 , .3 Et SC r I If 1 T5f 










CONVERSION, % 

. 31,65 

34.48 

31,13 ; 

37,-09 

16,56 

YIELD BD,I 

8,81 

6.07 

8. -5 3, . 

5. -3 7 

4, 35 

YIELD SUTECS)+SO,i 

10,49 

12.33 

11, -at 

■ ■ 9.-79 

7,05 

SELECT &D,I 

■21,52 ■■ 

20.08 

20,-99 ■: 

i 4 , *4 8 

■ 26,27 

SELECT 8UTE(f)Tl3',l 

33,14 ■ 

36.09 

36,2'5 

25V38' 

42.58 



1S9 


TvtT.Fr roMoinp^s sst p3ints 

«« » M M W IfN w» M» WM aw « IP I* ‘w « M w «» W M '«» « W aw aMi «f 


(TIJf' \![1 

141 

142 

143 

144 

1 45 

T ff; *4 p ^ K (' 

05. DO 

475.(00 

475.00 

475.00 

475.00 

^'•CTH/E CTMPDME'!! 

BETA 

BET4 

BETA 

BETA 

BETA 

CAT :ONC,W3Li‘/'lDU H3L 

5.00 

5.00 

5.00 

5.00 

5,00 

CfcT *IT,G 

12.80 

12.80 

12,30 

12.90 

12.80 

P.aTA'JE C3NCfl 

40.25 

40.25 

40.25 

40.25 

32,47 

nXVGSN C3NCil 

22.98 

22.98 

22.98 

22,98 

25,97 

MITR3N C3N:#| 

35,77 

36.(7 7 

36.77 

36.77 

41,56 

tu FtiOw^^G «3L/:«rv 

5,69 

6,40 

7.31 

3,53 

5,12 


2.25 

2.O0 

1.75 

1,50 

2.50 

DX?GEN|B!JT^^!^:' 

0.57 

0,67 

0,57 

0.57 

0.80 

PITR3GEf«!aXlf3£'I 

1.60 

1.60 

1,50 

1,50 

1.60 

niirriET c"'M"Evr9Ari3MS^ 






m m MM M m mm mm m'mm'm wW* m' 






F;fnyr,,E''iE,l 

, ' 0.38' 

3,12 

1.7 3 

2,02 

0.00 

PROPCLENSrl 

0.00 

l.(33 

0.74 

0,70 

0.00 


39.28 

37,78 

38.71 

37.54 

27,65 

^.?«RUrEME,% 

0.00 

0,28 

0,50 

0.25 ' 

0.34 

Tf?A«CE»2-B'JTS,MS‘r 1 

0.53 

0.23 

0.50 

0.77 

0*34 

rT.B-?-BUTE\’E,,% 

0.53 

0.63 

0.50 

0.38 

0*34 

1 ,3-9UTA0iENE, 1 

2,22 . 

2.05 

1.77 

2,02 

2. '06 

’'^;T^^riE, 1 

0,00 

0.(00 

1.74 

0.59' 

0.00 

DIQ)CI3€,I 

11,78 

11,(70 

12,30 

1 1 f. 9 3 

13.29 

nKyaEr‘,% 

5.31 

2.02 

0,46 

2'. 5'3 

1,75 

CAPB^^4 MDN3XI0S:,I 

0,11 

0.00 

o.oo 

0,00 

8,04 

NITR3GFN,| 

40.86 

40,66 

40,86 

40.36 

'46, "IS' 

nUT fLnW,N!3 '<0L'/'<X*« 

5.12 

5.76 

6.68 

7.68 

4.61 

Cn^!VER5I0M, y tELO'fSSLECriyiTX 





W W» aw Ht *»’«• •»* wjaw^wiiw aw a* 

m m my»> mm 





CaNyER?I3N,| 

. 14,39 

15.63 

13,44 

15.38 

23,34 

YIEGP B0,l 

4.97 

4.69 

3,96 

4.53 

5,70 

YIELD BUTECS) + 50,.I 

7,32 

7.44 

7, '29 

7,55 ' 

8 . S6 

SELECT BD,i 

■ 34,50 

29,65 

29.44 

2 9,<43 ■, 

24.42 

SELECT BUTEC ?') ♦•SDv 1 

1 

50. '86 

46,01 

54.25 

49-,(76 

36,68 
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r-it.sr ravomp'is ft.Mo piimts 


p',I^' 'in 

145 

147 

148 

149 

150 

T f'l p , ♦ r 

475,00 

475.00 

475.00 

475,00 

475,00 

Acni/E coMPOMEij'r 

SET'A 

BETA 

BETA 

BETA 

BETA 

CA-r r!0NC,H3L/’n0 nti ' 

5.00 

5.00 

5.00 

5,00 

5,00 

Chf rfT,G 

12,80 

12,80 

12.30 

12,90 

12,50 

eUTA'IE C3NCrl 

3 2,47 

32.47 

32.47 

32.47 

18.72 

OXYGEN CONCrl 

25.97 

25.97 

25,97 

25.97 

31, "26 

<'jtTR3N CONS:, 1 

41.56 

41.66 

41,56 

41.66 

50,02 

IN fUOW^^S 

5.69 

6.40 

7.31 

3.6 3 

• 5.12 

id /«•,':/ (Hr. M3L/'xiN') 

2.25 

2,01) 

1.75 

1,6 0 

2,50 

OXYGEN JBOTAN!: 

D.ao 

o.eo 

0.30 

0.'30 

1.67 

MITROGENSOXYIS'I 

OUTLET concepts A rlONS 

mm m m m taw W (W «* aw • '*# aw W (wa *«* • ]*l* • iKil 

1,60 

1 .60 

1,60 

1 » 6 0 

■1.60 

Er‘!Yf,KME,% 

1,28 

1,87 

1.95 

3,00 

0,00 

PROPELENErl 

0.00 

0.19 

1.28 

1,09 

o.-oo 

*j-BUTANE,% 

27,43 

28,28 

27,63 

23.27 

13,27 

‘i«nijrENE,% 

0.55 

0.61 

0,42 

0.01 

0.35 

TRRNCE-a-BUrSNSial 

0,63 

0,68 

0.33 

3.01 

0,31 

':rS-?-5U?ENE,% 

0.67 

0,68 

0,42 

0,60 

0,31 

! ,3-BUTA!>IENE,I 

1.8 6 

1.69 

1.79 

1.73 

l,-28 

“ETHANE, 1 

0.00 

, 0.00 

1.28 

0.64 

0.00 

PAP 8 ON DTOXIOE,! 

12.53 

13.38 

13,74 

14.43 

■ '16. .31 

OXYGEN ,% 

4,25 

6.42 

4,49 

5,03 

' ' ■ 7.7? 

rftPRON MONOXTOEfl 

4,62 

0,41 

0.00 

t.'l2 

4.32 

nitrogen,! 

46.18 

46,1 i 

46,. 18 

46v4 8 

55.58 

OUT EGDW,H3 «QL/'<I.N ' 5.12 

CONVERSION, YTELp, SEEEC TIVI tY 

ini «» wf w wiW (ww « w •W ■»*•'*’•;** ^ 

5,. 76 

6,63 

7,65 

4,61 

CONVERSION,! 

2 3,95 

21,62^ 

23.41 

21*64 

36,20 

YIELD BD,% 

5.16 

4.41 ' 

4,97 

4.60 

6,17 

YIELD BUTECS) + BO,.l 

10,29 


9,67 

■3.116 

■„ 10,80 

'■EOr-CT BD>I 

21,56 

20,39 

21.24 

. 22,20 ■. 

17,35 

SSLeCT RUTC'(S)T&D',I 

42.96 

41,94 

40,t9 

■ I7,'7t 

29.83 
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■r-r.E’r C'rr^OTfrD'lS iSJD SST P3IMTS 

m’m m'm m)m m'jm m'm m m m 


P vl *? 'M D 

151 

1 52 

153 

154 

155 

T S P , ♦ f 

A75.O0 

475,00 

475,00 

475.30 

500.00 

ACT'jve C3MP'3^}E'}T 

seta 

SETA 

BETA 

BETA 

BETA 

.CAT :DMC,f^3t,/130 tOU 

5.00 

5,00 

5.00 

5,00 

5,00 

CAT '4T,G 

12.80 

12.00 

12.30 

12,30 

12. SO 

mfkm C3f«c:ri 

IB, 72 

18,72 

18,72 

13.72 

40.25 

nxrGSN CD«c,,i 

31.26 

31.26 

31,26 

31,26 

22.98 

‘UT.R3N CaUCrl 

50.02 

50,02 

50.32 

55,02 

36.77 

ifj fLOw,»^G M3 L/wi:m 

5,69 

6.40 

7.31 

3.53 

5.12 

w/r,^3/cMS. 

2,25 

2,00 

1 .75 

1.50 

2,50 

■OCyGENsBUffANS: 

1,67 

1.67 

1.67 

1.-57 

0.57 

MITR3GFM!0X;y3F.^I 

1,60 

1.60 

1,60 

1,50 

1 , 60 

nuTi.Er CTMCE-jr^AnaMS 






K.rBirt.ENi;,% 

0.17 

0.41 

O.'OO 

1,61 

3.01 

PRnPFLENE,! 

0,00 

0.00 

0,29 

o.os 

0.64 

M-BUrAME,| 

13.49 

13.60 

13.33 

13.-16 

35,30 


0.00 

0 , *3 4 

0 ,4 4 

0.3 3 

0,00 

,T»»,i'lCE-2*a3rENS> 1 

0,55 

0..34 

. 0.39 

0.3 3 

0,54 


0.44 

0.<34 

0,3-3 

0.-33 . 

0.54 

1 , i-butaoieme:/i 

1.36 

1,02 

1.29 

1,-36 

2.02 


0.00 

0,69 

1.-27 

0,98 

0,00 

DTOKIDE,! 

17.28 

16,66 

17,39 

IS ,47 

t5,15' 


8.92 

9,46 

9.20 

,„„3,91 

0.00 

C APCnfx ' MDftJDKTOS, 1 

2.22 

1.36 

0 .tOO 

■O.fOO- 

- ■■■2*t7' 

•'•iTP3GFM,l 

55,58 

55,58 

55,58 

55.58 

40.86 

'OJT rLDw,MG^ 

5.112 

5.76 

6,58 

A 

7.63 

4,61 

C 0 1/ S R ^ 1 3 , n E L. 0 , S € L EC r I w I r If 

WMwwwMiwiiitiit'iili m'm’m'm w |m w ]w ]«» 'w 


W 



C3«VERSI3fi,l 

35*14 . 

34,60 

33, -52 

3 5. *7 4 

21,06 

YIELD BD,! 

6* 5 2 


6.21 

5 W‘5 3 

4,52 

Yl^OD BUTr.C5) + 30r% 

11.29 

11.24 

11,79 

11,26 

6.94 

SELECT .B0,% 

18,55 

18.35 

18.53 ' 

17,78 

21,46 

SELECT BUTECSDfBDt,* 


32,49 

35,49 

30,f5- 

32,95 



152 


T'Nf.Kr CDVOTCTO^S SST PDIMTS 


DjM 'n 

155 

157 

1 58 

159 

160 


5 a 3 , 0 0 

500.00 

500.00 

500,-00 

500,00 

n:T:nre ciMPDvE'ir 

BETA 

BETA 

BETA 

BETA 

BETA 

CAT :Q^tC,M3U/':U0 '<3D 

5,00 

5,00 

5.00 

5,00 

5.00 

^AT vr,G 

12,80 

12.00 

12,-90 

12,-8 0 

12,80 

BUTA'?e C3MC, 1 , 

40,25 

40.25 

40,25 

43,25 

32,47 

3)(yGEN C3«:,| 

22,98 

22,98 

22, 98 

22.98 

25.97 

‘III’RSN C3fj:»,| 

35.77 

36.7 7 

36.77 

3 5.77 

41,56 

rt,OW,RS 

5.69 

6.40 

7.-31 

3.-5 3 

5,12 

W/F, S/CHS' MOt/nM) 

2.25 

2.00 

1.75 

1,-50 

2.50 

OXIfaEMtBlITAME 

0.57 

0,67 

0,-57 

3,-57 

0,80 

ft’ITR3GF^i!OXyGEv 

1.60 

1.60 

1.-50 

1,-50 

1,60 

■liirf.^T Cl'J''EHrR^n3N3 

t' niY'jE'ife;, % 

2.44 

1.96 

3.37 

3. -1.5 

1.81 

PR3PELENE,I 

0,57 

1,48 

1.20 

1.-58 

0,00 

’'I-'RUrAl^E,% 

15,44 

36.25 

34,74 

35,-31 

27,30 

M*pWe«E,% 

0.00 

0,28 

0.-68 

3,-29 

0,29. 

TRAMGE-g-BiirS.i'iE, h 

0,87 

0,S3 

0,-85 

3,67 

0,49 

Cl?-2-PU,r5'1S,.|, 

0,87 

0,28 

0,-58 

3,41 

0,29 

1 ,1-RlITA3IFiV5, fe 

1.88 

1,63 

1,'93 

1.-92 

1,70 

■’ ETH Af‘iF, % 

0.00 

0.00 

2.11 

l.'99 

0,00 

nTaKlDS,! 

14,23 

10,62 

12.44, 

13,-59 

13,81 

n K Y G '^f-i , % 

1,06 

2.69 

I.IS 

0.-22 

■■■ 1,54 

rf^RBTN '-nM^KTDEi 1 

1.7 7 

3,03 

0,-00. ■ 

.. 0.00 

,6.60: 


4 D * 8 6 

40.66 

40.-36 

4.0:,:€6 

46,18 

niJT PLi3<v,MG. '^OLti/ilN! 5, *12 

COMVERStDM, YIELO,,S2LECTiy'iry 

m m mm mm mm mm m‘m m'm m]m m'm'm'm m'mm^ m'fm 

5,76 

6.63 

7.65 

4,61 

C3MVFRRI1N,I 

20,74 

18,94 

22.32 

21,93 

24,33 

ytPU3 RD,I 

4,21 

1,42 

• 4.131 

4,-29 , 

4,71 

yiEt.3 «uyE(5) + 3B,l 

'8,12 

6.53 

. 9.-27 

7.-37 

7,68 

ser.e^T rd,i 

20,28 

18,09 

19,-30 

20 ,40 

. '19.37 

REieiT SUTECSJ^-S^',! 

39.13 

34,48 

41, 621 

•35,92 " 

; 31,58 



'■nMoiriON’S sst p31wi5 

mm mm «» m m m m mm m'm mm m'm mlm'm'm mm mfrnm'mmmmmmmm 


'■-’iJ''' MO . ■ 

161 

152 

163 

164 

T£’''P, 

505.00 

500,00 

505.00 

555.05 

ACTII/e C0»^?3MSMr 

BETA 

SETA 

BETA 

BETA 

CA'T* COMC,«0/100 ^'30 

5.00 

5,00 

5.00 

5,05 

f'AF »IT>G 

12.80 

12.60 

12.00 

12,-80 

*1UTAME CONSfl 

32.47 

32.47 

32.47 

32,47 

oKycsN caNc,i ■, 

25.97 

25.07 

25,37 

25.-97 

^'TTRSn CONC, I" 

41.56 

41.66 

41 .56 

41 .55 

T 4 FtiOirf , 'flS 

5.69 

5,40 

7.31 

3,-5 3 

W/r,3/CM3' 

2.25 

2.00 

1.75 

1.50 

riJCYGSNl'&OrANE 

5.80 

0.80 

0.30 

)«3 0 

WlTROGENtOKy^EM 

''irroET r"'N!CE''!i'RA rioNS^ 

1.60 

1.60 

1,50 

1.50 

r-: rMVr,E‘JE,% 

1.67 

2.01 

1,4 5 

2,-50 

PROPELENE,! 

0,58 

0,00 

1.4 8 

3,55 

M-BUrA^£,% 

25,67 

27.01 

2 5. >3 4 

2 5'. 27 

M-BU 

0,40 

0,29 

5,27 

5,45 

TRAi'iCe-2-BUI'EMS;, St 

0.32 

. 0.67 

5,44 

5.29 

f''i5-2-5r.irEME, 1 

0.3 2 

0.t35- 

0.'32 

0,29 

1 ,B-BUTA0IE«45,| 

1.73 

1,45 

1.66 

1.53 

» E r 4 A M E , 1 

0.00 

0.00 

0.68 

0,59 

nT0'<I')€,% 

'14,22 

11,93 

13,-74 

15,46' 

oxv.:,E^,% 

5.66 

0,06 

l.<31 

■ "O.OO 

CAsrnfv WDMlXT0S,'t 

7.25 

9.24 

5.64 

5.-7 5 

••!Tt'RnGEf-i,% 

48,i'8 

46.48 

45,48 

45. -1-8 

TUT Einw,»^3' 5.42 

70 M E R S I 0 Ni , 7 1 E LO , S 5 L S'C TI V I f Y ■ . 

fwiwMWiiiMwwi* m’m kiii'i* wW i»r|* » w mw •p 

5.76 

6.63 

7.63 

rO'MVERSION, 1 

28.08 

25,4.4 

25.60 

27.-17 

YIELO R0,l 

4.78 

4.06 

4,33 

4.52 

yiSOD 8UTECS)+3D,I 

7,68 

7.68 

7, -1 7 

-7.40' 

5st.e:T fto,i 

18,34 

15.45 

16,90 

15,54 

SELSCT BOTSCSlfiO'f 1 

* 4 S 

. 30.65 

23.00 ■ 

27.22 


165 

500. OU 
SETA 
5.00 
12.50 
27.78 
27.78 
44, A4 
5,12 

2.50 

1,00 

1 . 5 0 

0.84 
0.00 
20,32 
0,24 
0,44 
0 ,4 4 
i.S4 
0.,00 
15. -30 
0 , DO 
14.57 
49.38 
4, 61 


34,17 

4,9^6 

8.62 

14.59 

25.22 
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»,pr ,JQ 

166 

157 

168 

169 

170 

rr:''ip,*c 

SOD, Op 

500.00 

500,00 

509.30 

500,00 

"CTIlfE ClMPDME’s?! 

SETA 

SETA 

SETA 

SETA 

BETA 

CftT PO^CrMDti/'UO 43L 

5,00 

5.00 

5,00 

5,30' 

5,00 

TftT fITfG 

t ?,80 

12.00 

12.30 

1 2.30 

12,80 

?^IITAMF cdnc,i 

27, IB 

27.78 

27.78 

27,78 

. 22,83 

PKYSeN 

27, IB 

27,78 

27,78 

27.78 

29,68 

NITRSM C3NCfl 

4 4 ♦ 4 4 

44.44 

44,44 

44,44 

47.49 

IM FOOW^'fS M3l4/]^rV 

5.40 

7.31 

, S.6 3 

1 2.30 

5.12 

‘<3L'/'^I'J) 

2,00 

1,7 5 

1.60 

1 .3 0 

2,50 

n)fvn?:"j:P.:iTi\N5 

l.OO 

1.00 

1,00 

1,30 

1,30^ 

»JI:TR3GPN!Oi(^3E'^ 

1,60 

1.60 

■ 1.50 

1.60 

1*60 

nU^LST ClN3E']TR4rt3MS 






f-' !' ^'VOKVE, % 

1,13 

2.77 

2.77 

i • 1 

0,88 

PRPPELENErls 

0,67 

0.02 

1.51 

t',57 

0.40 

N-BUI’ANE,! 

> 20,54 

21.34 

20,13 

2 3,61 

15.44 

M*BUTEM'E,% . ■ '■ 

0,35 

0,00 

9.42 

3,34 

0.00 

TR,4fi3E-2-B'jreN5:, fe 

0.39 

0.61 

0.47 

3.-50 • 

0,49 

eTS-2-»UfE«E,l 

0.38 

0,60 

0,47 

3.56 

0,49 

1 ,3-BUrAOIE?IE,l 

1.47 

1.36 

1,58 

t,59 

1.33 

'■ f: r h a f.; p , I 

1.45 

0,06 

1,39 

1.60 

0,00 

nTQKI3€r% 

15,62 

15,48 

15.28 

15^,56 . 

16.61 

3>:VGE^',% 

0.00 

2.09 

2., '1 9 

:'2.79 

0,67 

TAPBIf- HTNIKTOS:, 1 

9.61 

4.08 

4.39 

3.3^9 ' 

10,92 

f-.>irRlGPN,% 

49,38 

49,38 

49.38 

49,38 

52.77 

nuT rLnw,?’<", 'io(ji/4:n 

5.76 

■6,58 

7.63 

11.62 

4,61 

ro'')VERSiDM,if iELiO>SEiiE'Criviry 

«tt •» «i» «* •'•*• mm mm m'mm'm m}m m]m‘m[m m*m w|w ,<*i jip 





CDMVER?I3^l#l 

33,44 

3 0,07 

34,77 

3 3, <21 

39.15 

YIElfD 8D,I 

4.75 

4,42. 

5,-12 

5, *14 

■ 5, '25 

yiEGD RUfECSl + BO',,! 

8.38 

8.00 

9,56 

9.-97 

9, -09 

SEGSGT 80,1 

14,20 

14,30 

14.71 

' 15.47 

13,41 

SSLSCT b!ITEC5') ♦■aO'r* 

2S,05 

25.01 

: 27.49 ■ 

30.31 

23,21 
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':ns!DTm'!S sst piiwrs 

• • *1 • » w ^ rn'm'mm mm m\m m'm m'mmmm 


0 (J Q 

171 

172 

173 

174 

175 

T £ P , ♦ C 

500.00 

500,00 

500. 00 

500,00 

500.00 

^CTIU'E CIMOD^E^r 

SETA 

BETA 

BETA 

SETA 

BETA 

r^v rQMC,'^^L/13 0 '<3D 

5.00 

5.00 

5.00 

5,00 

5,00 

f'AT fiT,G 

12,80 

12.00 

12.00 

12.00 

12.80 

PilTAME C3MCr| 

22.83 

22.03 

22,03 

22,03 

10.72 

nxrscN ,c3HT.,i 

23.68 

29,68 

29.08 

29.08 

31. 76 


47.49 

'47,49 

47,49 

47,-49 

50,02 

IN 

5.40 

7,01 

8,53 

12.00 

5.12 

W/F,3/(M3 '^30/ri'j.) 

2.00 

1,75 

1.50 

1 ,'00 

2.50 

nxyGF?^jB‘jr ^.N!: 

1.30 

1 .00 

1,30 

1.00 

1.6 7 

^lITRGGEfnOXXGSN 

1.60 

1.60 

1.00 

1,00 

1.60 

I'rrr.sT cG^sGS'jrsAf igns^ 

m mm m m m m m m'm m‘m m'm m]m m^m m m m' 






f'-rHILENE,! . 

1,05 

1.45 

1,52 

1.02 

0,58 

PROPSl.FNE,| 

0.49 

0.00 

0.08 

0,72 

0.00 

N-RlirAWE,% 

15.08 

15. <18 

14.73 

15.04 

12.25 

N-JUrEME,! ' ' 

3.36 

0,03 

0,03 

3, <3 3 

0,23 

TRA!>ice-2-.aursNSr 1 

0.36 

0,42 

0.05 

0,42 

0.53 

ri5-?-PUTENE,% 

0,36 

0,04 

0,05 

■0,<36 

0.23 

1 ,3-5UrftDIENS, 1 

1.41 

1,03 

1.00 

1.41 

1 ,02 

'•‘‘:th Af'-p, 1. 

0.00 

0.7 2 

1,12 

l.<45 

0.00 

-ap^,^^; niDKIOE,! 

15.02 

17.44 

16,16 

15'.05 

1 6 *"2 7 

X V c; 

3.55 

0.<17 

0.00 

1.-24 

4.57 

rAPt^^liM i.ON3XTDr, 1 

11.54 

10. <11 

11,00 

3.0 9 

R.76 


52.77 

52.77 

52.77 

52. <77 

55.58 

cniT 'X0L</J!IN 

5,76 

.6,58 

7,63 

11.62 

4,61 

CON V ER 5 O N , n E LO ,S5 L EC 11 if 1 11 

mmmmmmrnmmm ••‘■i* m'm m}m m'mm'm mm m^mm *»y 





CONVERSION, 1 

40.55 

40. <17 

43 .<95 

40. <71 

41,12 

IIFLO 00,1 

5.56 

5.48 

5.91 

. 5--57- 

4,91 

YIELO RtITEf S)f 30,1 

9.88 


9,09 

9'. <97 ., 

O.g'S 

SELECT 8D,I 

1 3.71 

13. « 3 

. 14.-09 

1 3-,09 

11,93 

SELECT 0UTSC83 fBOvt 

24.35 

24.«7 

, 23.02 

24, <48 

23.47 



M', r '•rniD! rrO'JS aiMD PDImts 
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P Ij '! '-' [) 

175 

177 

178 

173 

1 80 

rF:''P,tr 

500,00 

500,00 

. 500. OO 

505.00 

500. ')u 

!^::Tn/r; cP«P3^E'jr 

BETA 

BETA 

seta 

SETA 

BETA 

r.kT :'D»lC,M3b/l!)t) v|3t, 

5.00 

5.0 0 

5.00 

5,0 0 

5,00 

rftr >'f,c, 

1 ?,80 

12.00 

12,30 

12.30 

12. BO 

PUTA^IE G3N'C,| 

18.72 

18, <7 2 

18,72 

18, '72 

18.72 

HKVGE.'^ CINJ',1 

31.26 

3i.2S 

31,26 

31. '25 

31.26 

f'lTRGN C’»wr,l! 

50.02 

50.02 

50.02 

55.02 

50.52 

J.U rt.nM,'«3 

5.69 

6.40 

7.31 

3. 6 3 

12,30 

'<DL/ny) 

2.25 

2.00 

1 ,'75 

l.'SO 

1.50 

0)C.yGENlB'J■^R^iE 

1.67 

1,67 

1.67 

l,'S7 

1,67 

NITRDGENlOyyiEV 

1.60- 

1.60 

l.'SO 

l.'SO 

1.60 

niirt.s'T COMCE^TRAniNS, 

««• «• «H aw w «« «K P Mil W » w W W V ;«• ,W )« ;« W 






r'THy f,KME,ls 

1.61 

l.t33 

1.8 4 

3.01 

2.27 

PR'^PELEi'lE,! . * 

0.55 

0,00 

0.53 

l.'25 

0,80 


12.14 

12,40 

11.91 

12.44 

12. '06 


0.34 

0,<35 

5,37 

5.34 

0.00 

?RA«?E-2-BUi:St«E., 1 

0,3 4 

0.35 

5,00 

5.34 

0,69 

ris-?»BU?g:^'£,% 

0.3 4 

0,35 

5.J4 

5.34 

0.36 

1 ,?-BurAr>iE^fE,i 

1,07 

1.09 

l.'55 

1.08 

1,11 


0.00 

0,43 

1.53 

5,07 

0,77 

f)T0yTDE,% 

17.10 

18,34 

17,04 

17.31 

1$.76 

n)(V',Etv,% 

6.66 

6.4 6 

5.33 

7.65 . 

7.75 

rAPBBf* MBfOXIBE,! 

4.27 

3,6 3 

2,37 

3.0:0 

3 ,85 


55.58 • 

• 55.68 

55.58 

■ 55. -5S 

55, 5B 

nuT Ff,nh,«,3 

5. 42 

5,76 

6.68 

,7.68 ,. 

11.52 


r a RR 5 n N , y T E bo , s e l sc ri ^ i ry 

iii««iiM«kit'<iifw«p wiww «i(*i*#i« iwWi «• I# i** <•**«•» 


CaMVERSIOH.I 

41.62 

40.40 

42, .74 

41.63 

42,02 

VIFLO RD.I 

5.15 

5.S6 

5. .55 

5.. 17 

■ 5-..35 

YIELD BUTECS)+30,* 

15.09 

to .2 8 

10,39 

15. <56 

■ 10,37 

SELECT 8D.I 

12.38 

M.02' 

11. <82 

12. <12 , ' 

' 12,73 

SELECT Burecs)<'aD',.i 

24.24 

25.06 

24, .30 

2 4. <16 

24.68 
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piLRC cnwniTim^,*: j\Nn set points 


HNN .in 

181 

182 

183 

184 

IRS 

'rPMP,*c 

SOO.OO 

0,00 

0,00 

0.00 

<KOO 

ACTIVE COMPONENT 

BETA 

BETA 

beta 

BETA 

mF'TA 

CAT cnrjc,Moi,/ioo MQL 

5.00 

0.00 

0.00 

O.OO 

n.OD 

CAT NT.C 

12.80 

0,00 

0.00 

0,00 

0.00 

butane cunc,% 

18.72 

0.00 

0.00 

O.oO 

O.oo 

UXYCEN CUNC,% 

31.26 

0,00 

0,00 

0,00 

0.00 

UTTPON CONC,% 

50.02 

0.00 

0.00 

0.00 

0.00 

IN FBnw,MG M0T,./MIN 

25.60 

0.00 

0.00' 

0.00 

0,00 

W/F,G/(MG MOL/MIN) 

0,50 

u.oo 

0,00 

0.00 

0.00 

oxygen: butane 

1.67 

0.00 

0.00 

0.00 

0,00 

NiTROGENiOXYGEN 

OUTLET concentrations 

•lllillilWMiMMiiMiiiKlMWtWTPWllWittMWIVW 

1.60 

0.00 

0.00 

0,00 

0,00 

ethylene *! 

1.32 

0.00 

0,00 

o.oo 

0.00 

PRUPELENE,! 

0.93 

0.00 

0,00 

o.oo 

O.oo 

H-BirTA«E,% 

12.28 

0.00 

0.00 

0.00 

O.oo 

N-{JTITEnE*% 

0.31 

0.00 

0.00 

0.00 

0.00 

TRANCE-2-BUTEKE.% 

0,31 

0.00 

0,00 

0.00 

0.00 

CTS-2-BnTENE,! ^ 

l,3-ilUTAUTENE,% 

0.31 

0,00 

0,00 

0,00 

0.00 

0.98 

0,00 

0.00 

0.00 

0.00 

hcthame,! 

0.92 

0,00 

0.00 

0.00 

0,00 

CAimoN DIOXIDE*! 

15.38 

0,00 

0,00 

0.00 

O.oo 

OXYGEN,! 

6.99 

0.00 

0,00 

0.00 

0.00 

carbon monoxide ,! 

4.69 

0.00 

0.00 

- 0,00 

' o.oo 

NTTPUGEN*! 

55.58 

0.00 

0.00 

o.oo 

0.00 

f 

out FLOW, MG MOL/MIN 23.04 

con VERSION, YIFLD, SELECTIVITY 

0.00 

0.00 

0.00 

0-00 

CONVERSION,! 

40.98 

0,00 

0.00 

0,00 

0.00 

YIELD BD,% 

4.69 

0.00 

0,00 

0.00 

0.00 

YIELD fllJTECS)+8n,% 

9.23 

0.00 

0.00 

o.oo 

0.00 

SELECT B0,% 

11.45 

0.00 

0.00 

o.oo 

0.00 

SELECT RUTE(S)4-BD,% 

22.54 

0.00 

0,00 

0.00 

0.00 



